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SECTION  I 


INTRODUCTION 


1 .  GENERAL 

This  report  describes  an  in-house  experiment  conducted  in  support  of  Work. 
Unit  30661754,  "CW/FIOO  Test."  One  of  the  primary  objectives  of  the  CRF/F100 
High  Pressure  Compressor  rig  test  is  to  obtain  in-stall  performance  data.  The 
interstage  pressure  measurement  instrumentation  has  been  designed  to  provide 
total  pressure  data  that  will  characterize  rotating  stall  in  the  rig.  To 
accurately  measure  the  nonsteady  pressures  which  will  be  encountered  during 
rotating  stall,  the  interstage  pressure  instrumentation  must  have  a  frequency 
response  on  the  order  of  250  to  300  hertz  or  higher.  This  frequency  response 
requirement  is  based  on  an  expected  rotating  stall  fundamental  frequency  of  50 
to  60  hertz,  and  an  estimate  that  the  fundamental  and  first  five  harmonics  of 
the  dynamic  pressure  time  history  must  be  recorded  during  testing  to  allow  for 
adequate  characterization  of  the  pressure  during  postprocessing.  In  the 
context  of  this  report,  the  frequency  response  of  the  pressure  measurement 
system  is  synonomous  with  the  transfer  function  for  the  dynamic  pressure, 
where  the  transfer  function  describes  the  amplitude  response  and  phase  shift 
associated  with  the  system  as  a  function  of  the  pressure  oscillation 
frequency. 

Ideally,  for  the  best  frequency  response  possible,  the  pressure  transducer 
would  be  placed  right  at  the  pressure  measurement  location.  However,  since 
this  method  is  physically  impractical  for  the  CRF/F10Q  rig,  the  pressure 
transducers  will  be  close-coupled  to  the  measurement  probes  instead.  With 
this  method, the  pressure  transducers  will  be  connected  to  the  interstage 


pressure  probes  using  the  shortest  possible  length  tubing.  The  actual  length 
of  tubing  needed  to  connect  a  given  probe  will  depend  on  the  routing  of  the 
tube  within  the  compressor  rig  from  the  probe  to  the  instrumentation  boss  on 
the  outer  case.  These  internal  tube  lengths  were  measured  within  plus  or 
minus  one-half  inch  by  Air  Force  personnel  during  rig  build-up.  The  length  of 
tubing  required  external  to  the  compressor  rig  will  be  minimized  by  optimum 
placement  of  the  Scani valve  Zero-Operate-Calibrate  (ZQC)  pressure  transducers. 
The  expected  range  of  overall  tube  lengths  is  10.0  to  24.0  inches. 

Inserting  a  length  of  tubing  between  the  pressure  probe  and  the  pressure 
transducer  alters  the  dynamic  pressure  signal.  Depending  on  the  length  and 
diameter  of  the  tube,  the  measured  pressure  signal  may  either  be  amplified  or 
attenuated  as  it  passes  through  the  tube.  A  phase  lag  is  also  incurred  due  to 
the  tube  length.  Therefore,  the  dynamic  pressure  signal  at  the  transducer  end 
of  the  tube  is  not,  in  general,  the  same  pressure  signal  sensed  originally  at 
the  probe  end  of  the  tube. 

Theoretical  methods  have  been  developed  to  predict  the  effects  of  tube 
length  on  dynamic  pressure  signals.  Using  information  provided  by  these 
theoretical  predictions,  it  is  possible  to  convert  the  modified  or  distorted 
pressure  signal  present  at  the  transducer  back  into  the  actual  pressure  signal 
sensed  by  the  pressure  probe.  A  method  such  as  this  will  be  needed  for  the 
CRP/F100  test  to  eliminate  the  effects  of  the  tubing  used  to  close-couple  the 
interstage  pressure  probes  and  transducers.  Only  then  will  the  interstage 
pressures  be  determined  accurately  enough  to  characterise  rotating  stall  in 
the  compressor  rig. 
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Of  course,  the  accuracy  of  the  theoretical  prediction  for  the  frequency 
response  behavior  of  a  given  tube  is  critical  to  the  successful  transformation 
of  a  pressure  signal  back  into  its  original  form.  Therefore,  the  work 
described  in  this  report  was  performed  to  experimentally  determine  the  effects 
of  various  lengths  of  0.020-inch  inside  diameter  tube  lengths  inserted  between 
an  input  pressure  source  and  a  pressure  transducer.  The  results  of  these 
experiments  were  used,  in  turn,  to  assess  the  validity  of  the  theoretical 
prediction  method  intended  for  use  in  the  CRF/F100  test  program. 

2 .  OBJECTIVES 

The  objectives  of  this  experimental  program  are  threefold.  The  first 
objective  is  to  obtain  experimental  data  describing  the  effects  various 
lengths  of  0.020-inch-inside-diameter  tubing  have  on  a  dynamic  pressure 
signal.  From  the  experimental  data  obtained  for  each  tube  length  tested,  we 
generated  a  transfer  function  which  provides  the  relationship  between  the 
sinusoidal  input  pressure  signal  and  the  output  pressure  signal  at  the 
transducer  end  of  the  tube. 

Similar  work  has  been  done  in  this  area  by  several  investigators  including 
Bergh  and  Tijdeman  (Ref  1),  Nyland,  et  al.  (Ref  2),  Geclach  and  Johnson  (Ref 
,  and  Chapin  (Ref  41.  Sven  though  the  previous  experimental  work  was 
general  in  nature  and  several  tube  lengths,  tube  diameters,  and  transducer 
volumes  were  tested,  none  of  these  experiments  tested  the 
0 . 020- inch- inside-diameter  tube  which  is  of  particular  interest  to  the 
CUT/F100  test  program.  Consequently,  the  experimental  program  described  in 
this  report  focuses  on  satisfying  the  need  for  experimental  data  for  this 
specific  tube  diameter. 
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The  second  objective  of  the  experiment  is  to  determine  the  validity  of 
theoretical  predictions  of  frequency  response  in  small  diameter  tubes.  The 
analytical  model  with  which  the  experimental  data  is  compared  i3  a  computer 
program  written  by  NASA  and  published  in  the  report  by  Nyland,  et  al.  (Ref  2). 
The  calculations  performed  by  the  program  are  based  on  the  frequency  response 
theory  developed  by  Bergh  and  Ti j deman  (Ref  1) .  Bergh  and  Ti jderaan  reported 
favorable  comparison  between  experimental  data  and  theoretical  predictions  for 
tube  diameters  of  0.0394  to  0.0984  inch  with  tube  lengths  ranging  from  19.69 
to  153.94  inch.  Also,  Nyland  reported  excellent  agreement  between  theory  and 
experiment  for  tubes  1  inch  in  length  with  diameters  of  0.063  and  0.128  inch. 
These  results  indicate  that  agreement  between  theoretical  predictions  and 
experimental  data  is  possible  over  a  fairly  wide  range  of  tube  geometry.  The 
specific  objective  in  the  current  experiment  was  to  determine  the  validity  of 
the  computer  program  predictions  for  a  fixed  diameter  of  0.020  inch,  over  a 
range  of  lengths  from  10.0  to  24.0  inches. 

The  final  objective  of  the  experiment  is  to  develop  an  accurate  model  for 
the  ZOC  transducer  which  ean  be  used  in  the  NASA  program.  Early  attempts  to 
compare  theory  with  experimental  data  revealed  the  sensitivity  of  the 
theoretical  results  to  transducer  geoeaetry“-particularly  internal  volume.  For 
the  Scanivalve  £QC  transducer  used  in  the  experiment,  the  published  values  for 
volume,  and  internal  tubing  diameter  and  length,  were  inadequate  for  use  in 
<he  compute'  program,  whenever  these  values  are  used  as  inputs  to  the 
urogram,  comparisons  to  experimental  data  are  generally  poor.  On  the  other 
hand,  if  the  experiment  is  repeated  using  a  different  type  cf  transducer  for 
which  the  volume  and  internal  geometry  are  accurately  known,  comparison  with 
the  experimental  data  is  favorable.  For  example,  for  a  10. 0-inch  tube  with  a 
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pressure  ratio  of  1.8349,  the  experimental  peak  amplitude  ratio,  using  the  ZOC 
transducer,  is  1.19  at  a  frequency  of  120  hertz.  Using  the  manufacturer's 
specifications  to  model  the  ZOC,  the  theory  predicted  an  amplitude  ratio  of 
1.35  for  the  same  frequency,  for  a  difference  of  13  percent.  However,  when 
repeating  the  experiment  using  a  DRUCK  test  transducer  the  difference  between 
the  experimental  and  theoretical  values  at  the  peak  amplitude  ratio  frequency 
is  only  4.4  percent.  Thus,  it  seemes  the  specifications  published  by  the 
manufacturer  for  the  ZOC  transducer  are  obviously  not  appropriate  for 
frequency  response  considerations.  As  a  result,  the  final  objective  of  this 
experiment  is  to  identify  a  combination  of  transducer  internal  geometry  that 
will  accurately  model  the  Scanivalve  ZOC  transducer. 
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SECTION  II 


THEORETICAL  PREDICTION  OF  FREQUENCY  RESPONSE 


1 .  GENERAL 

Analytical  prediction  of  the  frequency  response  of  the  small  diameter 
tubes  tested  in  this  experiment  is  based  on  the  theory  developed  by  Bergh  and 
Tijdeman  (Ref  1) .  In  their  report,  the  authors  develop  a  general  recursion 
formula  for  the  dynamic  response  of  a  set  of  tubes  and  transducer  volumes 
connected  in  series,  as  shown  in  Figure  1.  The  recursion  formula  is  obtained 
from  a  linearized  solution  of  the  Navier-Stokes  equations,  the  continuity  and 
energy  equations,  and  an  equation  of  state.  The  solution  is  based  on  a 
tube/volume  system  with  a  sinusoidal  pressure  input.  The  assumptions  used  to 
linearize  the  flow  equations  are  (1)  very  small  sinusoidal  pressure 
disturbances,  (2)  a  small  internal  tube  diameter  in  comparison  to  tube  length, 
and  (3)  laminar  flow  throughout  the  system.  The  detailed  mathematical 
derivation  of  the  recursion  formula  is  treated  in  Reference  1. 

The  formula  derived  by  Bergh  and  Tijdeman  for  the  prediction  of  frequency 
response  in  a  set  of  series-connected  tubes  and  volumes  was  converted  into  a 
set  of  FORTRAN  subroutines  by  NASA  (Ref  2) .  Driven  by  the  steering  program 
developed  in-house  to  provide  the  necessary  inputs  for  each  experimental  case, 
the  NASA  subroutines  perform  all  the  calculations  necessary  to  produce  a 
theoretical  prediction  of  the  frequency  response. 


2.  NASA  COMPUTER  PROGRAM 

The  subroutines  written  by  NASA,  together  with  the  steering  program  used 
to  implement  these  subroutines,  will  bo  referred  to  throughout  the  remainder 
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Lj  -  LENGTH  OF  j  th  TUBE 

Dj-  DIAMETER  OF  j  th  TUBE 

Vj-  VOLUME  OF  ]  th  TRANSDUCER 


FIGURE  1.  Series  Comet: lion  of  Tubes  and  Volumes  for  Use  with  the 
General  Recursion  Formula 
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of  this  report  as  simply  "the  NASA  program."  The  NASA  program  represents  the 


FORTRAN  source  code  necessary  to  solve  the  Bergh  and  T.ijdeman  recursion 
relation,  which  is  given  by 

— -  «» I  cosh(^//-/) +  l  +  o  jLjS\nh{<p  ,1./) 

Pi-i  v «/ 

,J oW i*\)J  2(a/iSinh(^y*ji/*i  j\  ? ,  J 


where  the  variables  ,  ,  and  n  are  defined  as 


(2) 


I 


(3) 


1 

t  h  '»(«/*)  (4) 

v 


The  variables  used  in  Equation  (1)  are  defined  in  Table  1  together  with  their 
equivalent  FORTRAN  variable  names. 

Inputs  to  the  program  for  a  particular  experimental  case  are  provided  in 
the  steering  program  through  two  labelled  common  blocks  and  the  call  to 
subroutine  AHPPHS.  Labelled  common  block  GEOKTY  contains  four  one-dimensional 
arrays  v»C  10  elements  each.  These  arrays  are  used  to  specify  the  tube 
diameter  (D) ,  tube  length  (XL),  transducer  volume  (V),  and  transducer 
volumetric  displacement  (OVDF)  for  a  maximum  system  of  10  tubes  and  volumes. 
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The  thermodynamic  properties  are  input  through  labelled  common  block  THERMO. 
The  ratio  of  specific  heats  (GAMMA)  and  the  mean  pressure  in  the  tube  (AMR RES) 
are  passed  to  the  other  subroutines  through  this  common  block.  In  addition, 
the  Prandtl  number  (P) ,  fluid  density  (RHO) ,  and  dynamic  viscosity  (VIS) 

10  element,  one-dimensional  arrays  contained  within  the  THERMO  common  block. 


Table  1.  Definition  of  Variables  used  in  Equation  (1) 


Variable 

in 

EQN  (1) 

FORTRAN 

Variable 

Name 

1 

1  Definition 

1 

1 

J 

I 

I  Number  of  the  tube  or  volume 

CO 

“ 

|  Angular  frequency  (2  f) 

f 

FREQ 

|  Frequency  of  the  input  pressure  oscillations 

D 

D 

|  Tube  diameter 

J 

n 

- 

1  Bessel  function  of  the  first  kind  of  order  "n" 

L 

XL 

I  Tube  length 

P 

“ 

|  Amplitude  of  the  pressure  oscillations 

Pr 

P 

|  Prandtl  number 

P 

s 

AMP  RES 

I  Mean  pressure  in  the  tube 

V 

t 

- 

I  Tube  volume 

vc 

V 

|  Transducer  volume 

7 

GAI«iA 

|  Ratio  of  specific  heats 

n 

VIS 

I  Dynamic  viscosity 

p 

3 

RHO 

|  Air  density 

<7 

DVDP 

|  Dimensionless  increase  in  transducer  volume  due  to 
t  internal  wall  deflection 

N 

I  Total  number  of  tube/volume  combinations 

1 

9 


The  only  other  Inputs  needed  in  the  program  are  provided  in  the  call  to 
subroutine  AMPPHS.  The  call  statement  is 

CALL  AMPPHS  (FREQ,  A,  PA,  I,  N) 

The  arguments  are  the  pressure  oscillation  frequency  (i»tEQ),  the  number  of  the 
tube/volurae  combination  for  which  frequency  response  information  is  desired 
(I),  and  the  total  number  of  tube/volume  combinations  making  up  the  system 
(N) .  Subroutine  AMPPHS  returns  the  solution  of  the  Bergh-Ti jdeman  equation 
for  the  Ith  tube  and  volume  through  the  variables  A  and  PA.  A  is  the  pressure 
ratio  or  amplitude  ratio,  P(I)/P{0),  where  P (0)  is  the  amplitude  of  the 
sinusoidal  input  pressure  at  the  inlet  of  the  first  tube,  and  P(I)  is  the 
amplitude  of  the  pressure  disturbance  in  the  Ith  tube/volume.  PA  is  the  phase 
angle  between  the  pressure  signal  at  the  input  of  the  first  tube  and  that  of 
the  Ith  tube/volume. 

Using  the  steering  program  to  provide  the  inputs  just  described,  the 
frequency  response  of  a  given  tube/volume  combination  can  be  determined  from  a 
single  call  of  subroutine  AMPPHS.  AMPPHS  makes  all  the  subsequent  oalls  to 
the  other  subroutines  and  function  subprograms  needed  to  produce  the  final 
result.  A  listing  of  the  steering  program  and  NASA  subroutines  used  to 
provide  the  theoretical  frequency  response  predictions  contained  in  this 
report  is  given  in  Appendix  A. 

for  the  purposes  of  this  project,  we  assumed  a  Prandtl  number  of  0.7  and 
the  ratio  of  specific  heats  set  at  1.4  for  all  cases.  We  assumed  a  transducer 
volumetric  displacement  of  reco.  This  is  a  valid  assumption  as  long  as  the 
diaphragm  deflection  is  a  very  small  part  of  the  total  transducer  volume.  The 
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fluid  viscosity  was  calculated  in  the  steering  program  for  each  experimental 
case  from  Sutherland's  equation/  using  room  temperature  as  the  input.  We 
determined  the  density  for  each  case  by  treating  the  air  xn  the  tube  as  & 
perfect  gas.  The  reference  temperature  used  in  Sutherland's  equation  and  the 
perfect  gas  equation  of  state  was  530  degrees  Rankine. 

The  steering  program  determined  the  frequency  response  characteristics  of 
v  a  given  tube/volume  configuration  over  a  specific  frequency  range  of  interest. 

We  accomplished  this  by  placing  a  statement  to  increment  the  oscillation 
frequency  inside  a  DO  loop,  followed  by  the  call  to  subroutine  AMPPHS.  For 
most  of  the  cases  in  this  experiment,  the  loop  was  set  to  provide  a  frequency 
range  from  10  to  200  hertz  in  increments  of  10  hertz.  This  provided 
theoretical  frequency  response  information  at  frequencies  matching  those  for 
which  the  experimental  data  was  taken.  Thus,  it  was  possible  to  make  a  direct 
comparison  between  experimental  data  and  theoretical  predictions  for  a  given 
test  condition  and  tube/volume  configuration. 

Before  using  the  NASA  program  for  comparison  with  experimental  data,  we 
compared  the  program  with  the  results  of  another  theoretical  approach  based  on 
characteristic  impedances.  The  sample  case  used  for  this  comparison  was 
reported  in  Reference  5.  The  development  of  the  theory  based  on 
characteristic  impedances  is  treated  in  Reference  3. 

The  comparison  was  made  for  a  6.0  inch  tube  length  with  an  inside  diameter 
of  0.030  inch.  The  predictions  from  each  theoretical  approach  are  shown  in 
Figure  2.  Essentially  identical  results  were  obtained  from  both  theoretical 
methods.  The  excellent  comparison  between  these  two  theoretical  approaches 

* 

provided  a  high  degree  of  confidence  in  the  Bexgh  and  Tijdeman  theory,  and  its 
implementation  in  the  NASA  program. 
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INPUT  FREQUENCY  (  HZ  ) 

FIGURE  2.  COMPARISON  OF  NASA  AND  APL  PROGRAM  RESULTS-PREDICTION 
OF  THE  FREQUENCY  RESPONSE  OF  A  6.0  IN  LONG,  .030  IN  ID  TEST  TUBE 


SECTION  III 


EXPERIMENTAL  DETERMINATION  OF  FREQUENCY  RESPONSE  -  PHASE  1 

1 .  GENERAL 

The  experimental  work  for  this  project  was  carried  out  in  two  phases.  The 
source  used  to  produce  the  oscillating  pressure  input  signal  was  different  for 
each  phase.  In  fact,  the  second  phase  of  the  experimental  work  was  undertaken 
to  overcome  some  of  the  limitations  of  the  oscillating  pressure  source  and 
other  apparatus  used  during  the  first  phase  of  the  experimental  effort. 

The  objective  of  both  experimental  phases  was  the  same,  however — to 
determine  the  transfer  function  describing  the  relationship  between  input  and 
output  dynamic  pressure  signals  in  various  lengths  of 

0.020-inch-inside-diameter  tubing.  This  experimental  data  describing  the  gain 
and  phase  shift  for  a  given  tube  was  then  compared  to  the  theoretical 
predictions  of  frequency  response  generated  by  the  NAoA  program.  This 
comparison  was  made  to  validate  the  ability  of  the  NASA  program  to  accurately 
predict  the  frequency  response  behavior  of  0.020-inch-inside-diameter  tubes. 

In  the  sections  that  follow,  we  describe  the  experimental  setups  used  in 
both  phases  of  the  project.  Me  discuss  problems  we  encountered  during  the 
experiments,  and  the  results  from  each  experimental  setup. 

2.  PHASE  1  EXPERIMENTAL  SETUP 

The  first  phase  of  the  experimental  work  was  conducted  in  Room  24, 
building  18  of  the  Aero  Propulsion  Laboratory.  A  description  of  the 
experimental  setup  used  for  the  experiments  in  Room  24  follows. 
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a.  Experimental  Apparatus  and  Data  Acquisition  Equipment 

A  block  diagram  of  the  basic  experimental  setup  used  in  the  Room  24 
experiments  is  shown  in  Figure  3.  The  photograph  in  Figure  4  shews  the  actual 
hardware  and  data  acquisition  equipment .  A  close-up  of  a  typical  tube  and 
transducer  arrangement  is  shown  in  Figure  5. 

In  these  experiments  the  oscillating  pressure  input  signal  was 
provided  by  the  Fluidics  Model  AT31A  Signal  Generator.  This  device  converts 
an  electrical  input  signal  into  a  pneumatic  signal.  The  electrical  input 
signal  drives  an  electromechanical  torque  motor  which  in  turn  drives  two 
flapper  nozzles.  By  opening  and  closing  the  flapper  nozzles,  the  air  pressure 
supplied  to  the  signal  generator  is  modulated  at  the  input  frequency  and  an 
oscillating  pneumatic  signal  is  generated.  For  the  experiments  in  Room  24,  a 
Kavetek  Model  134  oscillator  was  used  to  provide  a  sine  wave  input  to  the 
Fluidics  signal  generator  over  the  frequency  range  from  10  to  200  hertz. 

A  DRUCK  model  PDCR  22  transducer  with  a  range  of  0  to  15  psig  was 
connected  to  the  output  of  the  pneumatic  signal  generator  to  measure  the  input 
or  reference  pressure.  The  transducer  in  this  location  is  referred  to  as  the 
"reference  transducer."  The  total  distance  from  the  output  of  the  pneumatic 
signal  generator  to  the  reference  transducer  face  is  referred  to  as  the 
"reference  length*  throughout  the  rest  of  this  report. 

Ideally  the  reference  length  should  be  zero  to  prevent  any  distortion 
of  the  pressure  signal  before  it  reaches  the  reference  pressure  measurement 
location.  In  the  Room  24  experimental  setup  it  was  not  possible  to  completely 
eliminate  the  reference  length.  This  length  was  minimised,  however,  through 
the  use  of  e  modified  DRUCK  zero  volume  adapter. 
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FIGURE  3.  Schematic  of  the  Room  24  Experimental  Set-Up 


The  modified  adapter  is  shown  in  Figure  6.  The  threaded  end  of  the 
adapter  screwed  into  one  of  the  Fluidics  signal  generator  output  ports.  The 
boss  between  the  zero  volume  adapter  housing  and  the  threaded  stud  was  drilled 
through  on  one  side  to  provide  a  tee  connection  for  the 

0.020-inch~inside-diameter  test  tube.  Figure  7  shows  the  details  of  the  tee. 
The  housing  itself  contained  the  DRUCK  reference  transducer.  With  this 
adapter  the  total  reference  length  was  less  than  0.15  inch. 

The  length  of  0.020-inch-inside-diameter  tubing  to  be  tested  in  the 
experiment  was  connected  to  the  pneumatic  signal  generator  output  through  the 
tee  connection.  This  connection  was  sealed  using  epoxy  glue.  For  most  of  the 
experiments  the  opposite  end  of  the  test  tube  was  connected  to  one  of  the 
pressure  measurement  ports  of  a  Scani valve  £0014  transducer.  The  range  of  the 
ZOC  transducer  was  0  to  5  psig.  Near  the  end  of  the  project  a  few  experiments 
were  conducted  using  a  DRUCK  transducer  with  a  range  of  0  to  15  psig  in  place 
of  the  SOC.  In  both  instances,  heat  shrink  tubing  was  used  to  seal  the 
connection  at  this  end  of  the  tube.  The  transducer  at  this  end  of  the  test 
tube  is  referred  to  as  the  "test  transducer.* 

Another  connection  was  made  to  the  £0C  transducer  to  provide  the 
necessary  control  for  the  transducer.  A  bottle  of  pressurised  nitrogen  was 
connected  to  the  IOC's  Px  CTb  port,  providing  the  SO  psig  control  pressure 
necessary  to  switch  the  transducer  from  calibrate  mode  to  operate  mode. 

The  electrical  output  of  each  reference  and  test  transducer  was 
connected  to  individual  Preston  83Q0XW8  Amplifiers  and  8800SC  Universal  Signal 
Conditioners.  The  signals  leaving  the  amplifier/signal  conditioner 
arrangement  were  then  connected  to  both  the  KP3456A  digital  voltmeter  and  the 
SONIC  6088  Signal  Processor.  The  UP3456A  digital  voltmeter  was  used  to  take 
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FIGURE  7.  Schematic  of  the  Modified  Zero  Voluae  Adapter 
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readings  of  the  ac  and  dc  output  voltages  of  both  transducers.  The  transducer 
outputs  were  also  ac-coupled  to  the  ZONIC  6088  signal  processor  for  generating 
the  transfer  function. 

The  HP3456A  digital  voltmeter  is  capable  of  measuring  both  dc  voltage 
and  true  RMS  voltage,  and  it  can  perform  several  math  functions  as  well.  It 
can  also  be  programmed  to  take  a  specified  number  of  readings  for  each  trigger 
input.  These  features  were  all  used  during  the  experiments.  The  voltmeter 
was  set  to  take  50  readings  per  trigger  and  coooute  the  average  of  these 
readings.  This  was  done  for  both  the  ac  and  dc  voltages  from  each  transducer 
for  every  data  point.  The  dc  voltage  readings  provided  a  measure  of  the  mean 
pressure  in  the  tube,  while  the  ac  voltages  indicated  the  RMS  level  of  the 
dynamic  pressure  signal. 

The  ZONIC  6088  signal  processor  was  used  to  determine  the  transfer 
function  between  the  signals  from  the  reference  and  teat  transducers.  The 
transfer  function  was  determined  from  an  average  of  10  ensembles  of  input 
data.  Bach  ensemble  of  data  represents  a  block  of  1024  data  samples  of  the 
respective  transducer  output  voltage.  For  input  frequencies  up  to  120  hertz 
the  sampling  rate  is  320  samples  per  second  per  channel.  For  input 
frequencies  from  130  to  200  hertz  the  sampling  rate  is  640  samples  per  second 
per  channel.  Data  samples  from  the  reference  transducer  are  labelled  as 
"Block  1  data"  and  data  from  the  test  transducer  are  denoted  as  "Block  2 
data." 

Before  these  blocks  of  time  domain  data  are  averaged,  a  weighting 
function  ie  applied  and  a  fast-Fourier  transform  (fFT)  is  performed  to 
transform  the  data  from  the  time  domain  to  the  frequency  domain.  This 
weighting  function,  also  known  as  windowing,  is  applied  to  reduce  the  smearing 


of  the  actual  data  which  is  likely  to  occur  if  there  are  large  differences 
between  the  amplitudes  of  the  first  and  last  data  points  within  a  block.  This 
smearing  of  the  energy  in  the  actual  data  into  adjacent  frequencies  is  termed 
"leakage."  The  weighting  function  which  is  applied  to  the  actual  data  helps 
reduce  the  leakage  inherent  when  data  is  transformed  into  the  frequency 
domain.  A  complete  discussion  of  the  windowing  technique  used  by  the  ZONIC 
signal  processor  can  be  found  in  Ref  7. 

After  the  weighting  function  is  applied,  a  FFT  is  performed.  In  this 
process,  the  two  data  blocks,  each  of  which  contain  1024  samples  of  time 
domain  data,  are  transformed  into  512  complex  pair's  of  frequency  domain  data 
per  block.  As  a  final  step  in  preparing  the  data  for  averaging,  the  signal 
processor  calculated  the  autospectrum  for  Blocks  1  and  2,  and  the  cross 
spectrum  of  Block  2  to  1.  These  three  functions  are  used  to  calculate  the 
averaged  values.  This  entire  process  is  repeated  for  10  ensembles  of  input 
data. 

Once  the  data  averaging  is  completed  for  a  given  input  frequency,  the 
signal  processor  determines  the  transfer  function,  which  is  defined  as 

Cross  Spectrum  of  Block  2  to  1 

Transfer  function  »  - - - - - - - — - - —  (5) 

Autospectrum  of  Block  1 

where  these  spectra  represent  the  averages  for  the  10  data  ensembles.  This 
transfer  function  can  be  displayed  as  a  plot  of  amplitude  ratio  and  phase 
shift  versus  frequency.  A  sample  plot  of  the  transfer  function  is  shown  in 
Figure  8.  The  signal  processor  also  generates  a  table  of  the  amplitude  ratio 
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FIGURE  8.  k  Typical  Transfer  Function  Display 
from  the  ZONIC  Signal  Processor 


and  phase  shift  values  as  a  function  of  frequency.  These  features  were  both 
used  during  the  experiments  to  determine  the  magnitude  and  phase  shift  of  the 
transfer  function  at  the  given  input  frequency, 
b.  Experimental  Procedures 

Before  acquiring  any  experimental  data,  two  preliminary  tasks  were 
completed .  First,  the  reference  and  test  transducers  were  calibrated  to 
determine  the  slope  and  zero  offset  for  each  transducer.  In  addition  to  this 
initial  calibration,  both  transducers  were  calibrated  again  later  in  the 
project.  The  details  of  the  calibration  procedure  are  provided  in  Appendix  B 
along  with  listings  of  the  calibration  data  and  plots  of  the  calibration 
curves.  Another  preliminary  task  was  the  development  of  a  program  to  automate 
the  repetitive  process  of  acquiring  data  with  the  ZONIC  signal  processor. 

We  began  the  experimental  work  after  completion  of  these  preliminary  details. 
Each  experiment  was  conducted  as  follows: 

1.  Air  pressure  was  applied  to  the  Fluidics  signal  generator  input. 
All  experiments  were  done  twice;  once  with  a  20  psig  input  pressure  and  again 
with  a  10  psig  input  pressure.  The  20  psig  input  pressure  was  the  upper  limit 
for  the  Fluidics  signal  generator. 

2.  The  amplitude  of  the  oscillator  sine  wave  output  was  adjusted  to 
one  volt  RMS .  This  was  the  maximum  allowable  input  signal  level  for  the 
signal  generator.  This  level  was  chosen  because  the  RMS  pressure  level 
exhibited  a  tendency  to  fall  off  with  increasing  frequency.  By  choosing  the 
maximum  allowable  input  signal  level,  an  adequate  RMS  pressure  level  could  be 
maintained  out  to  the  upper  frequency  limit  of  200  herts. 
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3.  The  oscillator  was  adjusted  to  the  desired  frequency.  The  exact 
frequency  of  the  oscillator  signal  was  determined  with  the  ZONIC  signal 
processor  from  a  display  of  the  autospectrum  for  the  reference  transducer.  A 
typical  reference  transducer  spectrum  is  shown  in  Figure  9. 

4.  Once  the  input  frequency  was  set,  the  data  acquisition  process  was 
started  by  executing  the  control  program  written  for  the  ZONIC.  This  program 
acquired  and  averaged  the  data,  and  then  determined  the  transfer  function. 

The  transfer  function  was  displayed  on  the  screen  momentarily  for  visual 
inspection.  Then  a  table  of  the  values  comprising  the  transfer  function  was 
displayed.  From  this  table  the  amplitude  ratio  and  phase  shift  values  for  the 
given  input  frequency  were  selected  and  recorded. 

5.  The  entire  process  was  repeated  for  input  frequencies  from  10  to 
200  hertz,  using  a  10  hertz  increment. 

6.  After  completing  the  experiments  at  both  input  pressures  for  a 
given  tube  length,  one  end  of  the  tube  was  removed  from  the  experimental 
apparatus  and  the  tube  was  cut  back  to  the  next  desired  length.  Initially, 
the  tube  was  removed  at  the  signal  generator  adapter  by  breaking  the  tube  free 
from  the  epoxy  glue.  After  this  process  was  repeated  a  few  times,  however, 
the  remaining  length  of  tubing  became  quite  bent  from  the  force  required  to 
break  the  glue  joint .  To  avoid  this  problem,  tho  tube  was  removed  at  the  test 
transducer  end  for  subsequent  experiments  by  simply  removing  the  heat  shrink 
tubing. 
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FIGURE 


c.  Experimental  Results  and  Comparison  to  Theoretical  Predictions 
During  this  phase  a  total  of  18  experiments  were  completed.  The 
individual  test  cases  and  test  conditions  are  summarized  in  Table  2.  The 
first  16  of  these  experiments  were  conducted  using  a  ZOC  14  transducer  as  the 
test  transducer,  while  the  last  two  experiments  were  completed  using  a  DRUCK 
PDCR22  as  the  test  transducer. 


Table  2.  Summary  of  the  Phase  1  Experiments 


1 

1 

1 

1 

1 

Date 

1 

|  Ref 

I  Length 
| (inches) 

1 

|  Tube  Geometry 

I  Length  |  Diameter 
1  1 

|  (inches) | (inches) 

1  1 

1 

IMean 
|Tube 
| Pressure 
1 (psiq) 

1  1 

| Pressure  j  Transducer 
| Ratio  | Type 

1  1 

1  1 

1  1 

ITube  | 

I  Stock  | 

1  1 

1  1 

1 

23  May  85 

I  0.146 

|  10.0 

|  0.020 

|  11.755 

1 

1.8244  | 

zoc 

| Original | 

1 

24  May  85 

I  0.146 

1  10.0 

I  0.020 

1  5.54 

1 

1.3879  I 

1 

zoc 

(Original | 

i  1 

l 

1 

28  May  85 

1 

I  0.146 

116.375 

I  0.020 

I 

I  11.95 

1 

1 

1 

1.6383  | 

zoc 

| Original | 

1 

28  May  85 

I  0.146 

116.375 

I  0.020 

1  5.632 

t 

1 

t 

1.3951  | 

1 

zoc 

I  Original  1 

1  1 

1 

1 

31  May  85 

I 

|  0.146 

|  15.5 

I  0.020 

1 

|  11.645 

1 

1 

1 

1.8250  | 

zoc 

1  1 
| Original | 

1 

31  May  85 

1  0.146 

1  15.5 

1  0.020 

I  5.519 
| 

1 

1 

1.3910  | 

I 

zoc 

(Original | 

i  I 

I 

1 

3  Jun  85 

1 

|  0.146 

I  15.0 

1  0.020 

1 

I  11.95 

1 

1 

1 

1.8395  | 

zoc 

1  1 
(Original | 

1 

4  Jun  85 

I  0.146 

1  15.0 

I  0.020 

I  5.695 

1 

1 

I 

1.3976  | 

I 

zoc 

| Original 1 

I  1 

1 

1 

4  Jun  85 

1 

I  0.146 

I  14.5 

|  0.020 

1 

1  12.311 

1 

1 

1 

1.0590  1 

zoc 

1  1 
(Original | 

1 

4  Jun  85 

I  0.146 

1  14.5 

1  0.020 

I  5.722 

1 

1 

1 

1.3996  | 

1 

zoc 

| Original | 

i  1 

1 

1 

10  Jun  85 

l 

|  0.146 

|  15.0 

|  0.020 

1 

|  12.017 

1 

1 

1 

1.8405  | 

zoc 

1  1 

1  New  | 

1 

10  Jun  85 

1  0.146 

1  15.0 

1  0.020 

1  5.668 

1 

1.3964  f 

zoc 

(  New  I 

i  i 

1 

I 

25  Jun  85 

1 

1  0.146 

1  10.0 

I  0.020 

1 

1  11.987 

1 

1 

1 

1.8349  | 

zoc 

t  i 

t  New  | 

1 

25  Jun  85 

1  0.146 

1  10.0 

1  0.020 

I  5.717 

1 

1.3982  | 

zoc 

1  New  | 

t  t 

1 

1 

25  Jul  85 

1 

1  0.146 

I  16.375 

I  0.020 

1 

I  12.128 

1 

1 

1 

1.6466  | 

soc 

1  I 

1  New  | 

1 

25  Jul  85 

1  0.146 

1  16.375 

1  0.020 

1  5.625 

1 

1.3936  | 

zoc 

1  Mew  | 

1 

1 

30  Aug  65 

I 

(  0.146 

1  10.0 

1  0.020 

l 

t  12.194 

1 

1 

\ 

1.8531  I 

DRUCK 

1  1 

!  New  | 

1 

1 

1. 

24  Sep  85 

i 

I  0.146 

1 

1  24.0 

|  0.020 

1 

I  12.248 

1 

1 

1 

1 

1 

1.8514  | 

DRUCK 

1  I 

1  New  | 
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Test  tube  lengths  we re  cut  from  two  separate  sources  of  tubing.  Test 
lengths  for  the  first  ten  experiments  were  cut  from  a  6.0  foot  length  of 
tubing  which  was  on  hand  at  the  outset  of  the  project.  Later,  a  new  supply  of 
tubing  stock  was  received  and  it  was  used  to  provide  the  test  tube  lengths  for 
the  remaining  8  experiments.  To  avoid  confusion  concerning  the  source  of 
tubing  used,  the  tubing  used  in  the  first  ten  experiments  is  referred  to  as 
the  "original"  tubing,  while  that  used  in  the  remainder  of  the  experiments  is 
denoted  as  the  "new"  tubing. 

For  each  experiment,  the  NASA  program  was  used  to  calculate  the 
theoretical  frequency  response  for  the  given  tube  and  test  conditions.  In  the 
presentation  of  results  which  follows  the  Room  24  experimental  data  is 
compared  with  the  NASA  program  predictions.. 

(1)  Experimental  Results  Using  the  Z0C14  Test  Transducer 

Experiments  were  conducted  for  test  lengths  of  10.0,  14.5,  15.0, 
15.5,  and  16.375  inches  using  the  original  tubing.  The  results  of  these 
experiments  are  shown  in  Figures  10-19.  There  are  two  plots  for  each  tube 
length — one  plot  to  display  the  amplitude  ratio  versus  input  frequency,  and 
another  plot  showing  the  phase  shift  as  a  function  of  the  input  frequency. 

Note  also  that  the  experimental  results  for  both  the  high  pressure  input  and 
the  low  pressure  input  are  shown  on  the  same  plot  for  a  given  tube  length. 

This  can  be  seen  from  the  pressure  ratio  (PR)  values  given  in  the  legend  for 
each  plot.  The  pressure  ratio  is  defined  as 

Average  gage  pressure  in  tube  +  atmospheric  pressure 

PR  - -  {6) 

atmospheric  pressure 
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FIGURE  11.  COMPARISON  OF  RM  34  EXPERIMENTAL  DATA  TO  NASA  PROGRAM 
FREQUENCY  RESPONSE  PREDICTIONS  FOR  A  10.0  IN.  TUBE  WITH  .020  IN.  ID 
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FIGURE  15.  COMPARISON  OF  RM  34  EXPERIMENTAL  DATA  TO  NASA  PR0GRAJ 
FREQUENCY  RESPONSE  PREDICTIONS  FOR  A  15.0  IN.  TUBE  WITH  .020  IN.  ID 
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FIGURE  19.  COMPARISON  OF  RM  34-  EXPERIMENTAL  DATA  TO  NASA  PROGRAM 
FREQUENCY  RESPONSE  PREDICTIONS  FOR  A  16.38  IN.  TUBE  WITH  .020  IN.  ID 


The  comparison  between  experimental  results  and  theoretical 


predictions  £or  this  series  o£  experiments  was  generally  encouraging  insofar 
as  the  trends  in  the  Room  24  data  were  similar  to  those  of  the  smallest 
diameter  tubes  tested  by  Bergh  and  Tijdeman.  Their  experiments  covered  a 
range  of  tube  diameters  from  0.039  inch  (0.49nm)  to  0.086  inch  (1.09mm)  with 
lengths  ranging  from  19.7  inches  (500mm)  to  153.9  inches  (3910mm).  In 
general,  they  found  a  greater  mismatch  between  theory  and  experiment  as  the 
tube  diameter  decreased.  In  their  comparison  for  the  0.039  and 
0.041-inch-inner-diameter  tubes,  the  theory  predicted  a  resonant  peak  both 
higher  in  amplitude  and  at  a  higher  frequency  than  that  exhibited  by  the 
experimental  data.  This  same  trend  can  be  seen  in  the  comparison  of  the 
theory  with  the  Room  24  experimental  data. 

While  the  similarity  in  general  trends  was  encouraging,  the 
specific  match  between  the  theory  and  the  Room  24  experimental  data  was  not  as 
good  as  expected.  The  correlation  of  the  amplitude  ratios  was  the  best  for 
the  shortest  tube,  becoming  progressively  worse  as  the  tube  length  increased. 
But  even  for  the  beat  match,  which  occurred  for  the  10.0  inch  tube  with  a 
pressure  ratio  of  1.8244  (Fig.  9),  the  experimental  data  differs  from  the 
theoretical  predictions  by  1  percent  at  only  30  hertz,  and  by  more  than  5 
percent  at  80  hertz.  As  the  first  resonant  peak  is  approached  the  comparison 
is  even  worse.  For  the  longer  tubes  tested,  reasonable  correlation  between 
the  experimental  results  and  theory  only  extended  to  about  30  hertz.  Based  on 
the  comparisons  reported  by  Bergh  and  Tijdeman  for  larger  diameter  tubes, 
these  correlations  were  considered  inadequate.  Therefore,  the  focus  of  the 
remaining  effort  was  to  investigate  ways  to  improve  the  experimental  setup  and 
modelling  of  the  experimental  apparatus  in  the  NASA  program. 
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The  first  attempt  to  improve  the  experimental  setup  was  to 
conduct  a  series  of  experiments  using  test  lengths  cut  from  the  new  0.020  inch 
tubing  stock.  The  results  of  these  experiments,  for  tube  lengths  of  10.0, 

15.0,  and  16.375  inches,  are  shown  in  Figures  20-25.  Using  this  new  tubing,  a 
modest  improvement  was  seen  in  the  comparison  between  the  data  and  theory. 

For  example,  the  experimental  data  for  the  amplitude  ratio  was  within  5.8 
percent  of  the  theory  up  to  100  hertz,  as  opposed  to  about  80  hertz  with  the 
original  tubing. 

This  improvement  in  the  comparison  is  due  to  the  slightly 
different  diameter  of  the  new  tubing.  The  diameter  of  the  original  tubing  was 
between  0.019  and  0.020  inch  while  that  of  the  new  tubing  was  0.020  inch. 

Bergh  and  Tijdeman's  results  showed  that  a  larger  diameter  tube  will  have  a 
resonant  peak  which  is  higher  in  amplitude  and  which  occurs  at  a  slightly 
higher  frequency  than  that  of  a  smaller  diameter  tube  of  the  same  length, 
given  that  the  tube  mean  pressures,  temperatures,  and  transducer  volumes  are 
the  same.  Figure  26  shows  the  results  of  the  experiments  for  the  two 
15.0-inch  tubes  which  were  cut  from  differont  tubing  stock.  Note  that  the 
pressures  are  nearly  the  same  for  each  case.  The  same  transducer  was  used  in 
each  experiment  as  well.  Therefore,  the  different  results  for  each  tube  can 
be  attributed  to  differences  in  the  tube  diameters. 

The  modest  improvement  achieved  by  using  different  tubing  still 
did  not  yield  correlations  comparable  to  those  reported  by  Sergh  and  Tijdeman. 
Therefore,  two  additional  sources  of  potential  improvement  were  investigated. 
These  were  the  effects  of  the  signal  generator  adapter  upstream  of  the 
reference  transducer,  and  the  method  of  modelling  the  EOC  test  transducer  in 
the  NhS£  program. 
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FIGURE  24.  COMPARISON  OF  RM  34  EXPERIMENTAL  DATA  TO  NASA  PROGRAM 
FREQUENCY  RESPONSE  PREDICTIONS  FOR  A  16.38  IN.  TUBE  WITH  .030  IN.  ID 
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FIGURE  25.  COMPARISON  OF  RM  34  EXPERIMENTAL  DATA  TO  NASA  PROGR 
FREQUENCY  RESPONSE  PREDICTIONS  FOR  A  16.38  IN.  TUBE  WITH  .020  IN. 
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FIGURE  26.  COMPARISON  OF  RM  24  EXPERIMENTAL  DATA  FOR  TUBE  LENGTHS 
FROM  THE  ORIGINAL  AND  NEW  STOCK  (15.0  IN.  LENGTHS  OF  0.020  IN.  ID) 


Up  to  this  point  the  tubing  system  was  being  modelled  for  the 
NASA  program  as  two  series  connected  tubes  and  volumes,  as  shown  in  Figure  27 . 
Note  that  the  discontinuity  in  lube  diameters  at  the  junction  of  the  test,  t  ulie 
and  test  transducer  i3  treated  as  a  zero  volume,  as  there  is  no  physical 
volume  associated  with  the  change  in  tube  diameters.  Also,  the  dimensions 
used  for  the  Z0C14  test  transducer  are  equivalent  values  quoted  by  the 
manufacturer — not  the  actual  internal  tubing  lengths  and  volume  for  the 
transducar.  These  equivalent  values  are  determined  by  the  manufacturer  from 
an  analysis  of  the  pressure  drop  versus  flowrate  curves  for  the  actual 
transducer  internal  hardware. 

This  model  for  the  tubing  system  does  not  include  the  signal 
generator  adapter  at  all.  The  model  assumes  the  test  tube  length  is  connected 
directly  to  the  signal  generator  output.  In  addition,  this  model  neglects  the 
short  distances  that  the  test  tube  is  inserted  into  the  signal  generator 
adapter  at  one  end  and  into  the  ZOC  measurement  port  at  the  other.  To  improve 
this  model  and  account  for  the  presence  of  the  signal  generator  adapter,  the 
adapter  was  modelled  in  four  different  ways.  Each  version  of  the  new  model 
was  combined  with  the  teat  conditions  for  one  of  the  10.0-inch  tube 
experiments,  and  the  NASA  program  was  run  with  each  version  of  the  model  to 
generate  the  results  shown  in  Figure  28.  The  first  curve  in  this  figure  is 
just  a  plot  of  the  NASA  program  results  using  the  original  model  in  which  the 
signal  generator  adapter  and  length  adjustments  were  neglected.  It  is  the 
baseline  against  which  the  various  signal  adapter  models  ean  be  compared. 
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VARIABLE  TEST 
TUBE  LENGTHS 


TEST  TRANSDUCER 
MODEL 


♦ 


h - l, - *t*Lji 


SYMBOL  DESCRIPTION  DIMENSION 


L  1 

TEST  TUBE  LENGTH 

IO.O-  16.375 

IN. 

D  1 

TEST  TUBE  INNER  DIAMETER 

0.020 

IN. 

VI 

TEST  TUBE  TERMINATION  VOLUME 

0 

IN.3 

L  2 

TEST  TRANSDUCER  EQUIVALENT  LENGTH 

2.0 

IN. 

D2 

TEST  TRANSDUCER  EQUIVALENT  DIAMETER 

0.029 

IN 

V2 

TEST  TRANSDUCER  EQUIVALENT  VOLUME 

0.0002 

iNr 

FIGURE  21.  Initial  Model  of  the  Tubing  System 
Used  for  t'.ic  NASA  Program 
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INPUT  FREQUENCY  (  HZ  ) 

FIGURE  28.  EFFECT  OF  VARIOUS  ADAPTER  MODELLING  METHODS  ON 
FREQUENCY  RESPONSE  PREDICTIONS  FOR  A  10.0  IN.  TUBE  WITH  .020  IN.  ID 


Each  of  the  signal  generator  adapter  models  was  an  attempt  to 
model  the  actual  interconnection  of  hardware  shown  in  Figure  29.  The 
dimensions  for  the  signal  generator  adapter  are  shown  in  Figure  7.  In  the 
first  model  for  the  signal  generator  adapter,  the  portion  of  the  adapter 
internal  to  the  signal  generator  body  was  treated  as  a  tube  length 
(cross-hatched  area  in  Figure  29) ,  and  the  remainder  of  the  flowpath  to  the 
reference  transducer  was  considered  to  be  a  volume.  In  this  model  the 
insertion  lengths  of  the  test  tube  into  the  signal  generator  adapter  and  the 
ZOC  transducer  were  neglected.  This  model  resulted  in  the  tubing  system 
description  shown  in  Figure  30,  with  dimensions  as  listed  under  the  column 
heading,  "DIMENSIONS  (NO  ADJUSTED  LENGTHS)."  In  Figure  28,  the  curve  labelled 
"NASA  (TUBE/VOL  MODEL,  NO  ADJ.  LENGTHS)"  shows  the  NASA  predictions  based  on 
this  model. 

In  the  next  version,  the  test  tube  length  was  increased  by  0.111 
inch  to  account  for  the  added  length  of  the  signal  generator  adapter,  and  the 
test  transducer  equivalent  length  was  decreased  by  0.125  inch  to  account  for 
the  insertion  of  the  test  tube  into  the  transducer  output  port  by  this  amount. 
The  resulting  dimensions  are  shown  in  the  last  column  in  Figure  30.  The  NASA 
program  results  baaed  on  this  model  are  labelled  as  "NASA  (TUBE/VOL  MODEL, 
ADJUSTED  LENGTHS)"  in  Figure  28. 

In  the  next  two  versions  of  the  signal  generator  adapter  model, 
the  entire  adapter  flowpath  was  modelled  as  a  tube  only,  with  and  without 
adjusted  lengths  as  before.  Figure  31  is  a  schematic  of  the  model  and  the 
dimensions  for  each  of  these  versions.  The  NASA  program  results  based  on 
these  two  models  are  shown  in  Figure  28  as  the  curves  labelled  "NASA  (TUBE 
MODEL,  NO  ADJ.  LENGTHS)"  and  "NASA  (TUBE  MODEL,  ADJUSTED  LENGTHS)." 


SI 


Tubin”  Svstcm  Interconnections 


SIGNAL  GENERATOR  ADAPTER  TEST  TRANSDUCER 

MODEL  MODEL 


.10 . 
zzz 

tf) 

0) 

O  2  O 

o>  o 
-  o  o 


.  .« • 

2ZZ 

If) 

<y> 

o  o  o 
to  0)  o 
-  o  o 


JO> 


to. 

z 


iO 

^  zz'o 

Z  f  3  _  X 

£  U>  ^  (M 
O  4-  O  CVJ 


-  O  ” 

-  CM 

2  o.o 

10  . 
zz  z 


o 

o 

N 


W  N  (VI  to  to  to 
JQ>  JQ> 


53 


FIGURE  30.  Modelling  the  Signal  Generator  Adapter  as  a  Tube  and  Volume 
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FIGTRE  31.  Modelling  the  Signal  Generator  Adapter  as  a  Tube  Only 


Figure  28  shows  that  the  various  methods  of  modelling  the  signal 
generator  adapter  had  a  negligible  effect  on  the  theoretical  predictions  of 
the  frequency  response  for  the  10.0-inch  tube.  The  predictions  with  signal 
generator  adapter  models  are  virtually  the  same  as  those  in  which  the  adapter 
was  not  modelled.  Therefore,  previous  omission  of  a  signal  generator  adapter 
model  from  the  tubing  system  description  for  the  NASA  program  did  not 
significantly  alter  the  theoretical  predictions. 

Once  the  influence  of  the  signal  generator  adapter  on  the 
theoretical  results  was  found  to  be  minimal,  the  focus  of  the  effort  to 
improve  the  comparison  between  experiment  and  theory  shifted  to  the  Z0C14  test 
transducer.  The  primary  concern  with  this  transducer  was  the  use  of  published 
equivalent  values  of  internal  tubing  geometry  to  model  the  ZOC  in  the  NASA 
program.  The  equivalent  values  were  used  because  they  were  available,  and  we 
did  not  know  the  actual  internal  geometry  of  the  ZOC.  To  determine  the  effect 
of  using  the  equivalent  values  to  model  the  transducer,  it  was  necessary  to 
repeat  some  experiments  using  the  DRUCK  transducer  as  the  test  transducer 
instead  of  the  ZOC.  Nith  the  DRUCK  transducer  the  actual  geometry  was  known, 
so  the  transducer  could  be  modelled  in  the  NASA  program  using  actual  rather 
than  equivalent  values.  A  description  of  the  experiments  using  the  DRUCK  test 
transducer  is  presented  in  the  following  section. 

(2)  experimental  Results  Using  the  DRUCK  PDCR  22  Test  Transducer 

Experiments  were  conducted  with  10.0  and  24.0-inch  tubes.  A 
DRUCK  transducer  with  a  standard  sero  volume  adapter  was  used  as  the  test 
transducer.  The  actual  internal  dimensions  of  the  sero  volume  adapter  were 
known,  so  no  equivalent  values  were  needed  with  this  transducer. 
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For  the  10.0-inch  tube  experiment,  the  NASA  program  was  run  five 
times  to  calculate  the  theoretical  predictions  based  on  each  of  the  different 
signal  generator  adapter  models,  as  before.  The  dimensions  for  the  DRUCK  test 
transducer  with  and  without  adjusted  lengths  are  shown  in  Figures  30  and  31. 
The  results  of  the  single  experiment  with  the  10.0-inch  tube  are  presented  in 
Figures  32  and  33. 

These  results  clearly  indicate  the  importance  of  knowing  the 
actual  dimensions  for  the  test  transducer,  so  that  the  transducer  can  be 
modelled  accurately  in  the  NASA  program.  When  this  is  done,  the 
experimentally  determined  amplitude  ratio  agrees  with  the  theoretical 
predictions  to  within  3  percent  up  to  a  frequency  of  170  hertz.  At  this 
frequency  the  experimental  data  has  reached  the  first  resonant  peck  while  the 
theoretical  predictions  have  not.  As  a  result,  the  data  and  theory  differ 
significantly  at  higher  frequencies.  Nonetheless,  these  results  are  a 
significant  improvement  over  the  comparison  obtained  earlier  with  the  ZOC  test 
transducer.  It  is  apparent  from  these  results  that  using  the  equivalent 
values  to  model  the  EOC  in  the  NASA  program  is  ineffective. 

Once  again,  the  various  signal  generator  adapter  models  have  very 
little  effect  on  the  NASA  program  predictions.  In  fact,  the  predictions  are 
essentially  the  same  regardless  of  the  type  of  model  used,  as  long  as  the 
lengths  are  not  adjusted  to  account  for  the  0.020-inoh-diaaeter  passage  in  the 
adapter  and  the  insertion  of  the  test  tube  into  the  test  transducer  post. 

When  these  adjustments  are  factored  in,  the  predictions  are  still  within  1 
percent  of  the  others  up  to  180  hertz,  and  only  differ  by  2.8  percent  at  200 
hertz . 
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Figure  33  shows  the  comparison  o£  the  phase  shift  results  for  the 
10.0  inch  tube.  The  phase  shift  does  not  compare  as  favorably  as  the 
amplitude  ratio.  The  difference  between  data  and  theory  increases  steadily 
with  frequency.  The  predicted  phase  shift  is  the  same  as  the  experimental 
value  only  up  to  20  hertz.  At  100  hertz  the  difference  is  up  to  about  6 
degrees,  and  at  200  hertz  the  difference  has  increased  to  13.5  degrees.  The 
theoretical  predictions  are  also  conservative  in  that  the  predicted  phase 
shift  is  consistently  lower  than  that  seen  in  the  experimental  data. 

Another  experiment  with  the  DRUCK  test  transducer  was  conducted 
for  a  24.0  inch  tube.  The  results  are  presented  in  Figures  34  and  35.  The 
signal  generator  adapter  models  were  not  used  in  the  NASA  program  for  this 
experiment  since  their  effect  on  the  theoretical  results  in  previous 
experiments  was  minimal. 

For  this  tube  length,  the  theoretical  predictions  of  amplitude 
ratio  are  consistently  greater  ti^-u.  the  experimental  data  by  as  much  as  11.8 
percent.  The  trend  for  both  curves  is  essentially  the  same,  however, 
throughout  the  frequency  range.  The  difference  between  the  experimental  and 
predicted  values  is  nearly  constant  over  most  of  the  frequency  range.  The 
phase  shift  comparison,  shown  in  Figure  35,  is  excellent  for  this  tube.  Doth 
curves  are  nearly  linear,  with  a  difference  of  no  more  than  7  degrees  over  the 
entire  frequency  range. 

The  results  of  these  experiments  with  the  DRUCK  test  transducer 
were  very  promising.  They  showed  that  the  Bergh-Ti jdomaa  theory  could  be 
successfully  applied  to  tubes  with  an  inside  diameter  of  G.G20  inch,  as  long 
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INPUT  FREQUENCY  (  HZ  ) 

FIGURE  34.  COMPARISON  OF  RM  34  EXPERIMENTAL  DATA  TO  NASA  PROGRAM 
FREQUENCY  RESPONSE  PREDICTIONS  FOR  A  34.0  IN.  TUBE  WITH  .030  IN.  ID 
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FIGURE  35.  COMPARISON  OF  RM  3 4  EXPERIMENTAL  DATA  TO  NASA  PROGRAM 
FREQUENCY  RESPONSE  PREDICTIONS  FOR  A  34.0  IN.  TUBE  WITH  .030  IN.  ID 


as  the  test  transducer  could  be  accurately  described.  Using  the  DRUCK  test 


transducer,  the  NASA  program  had  produced  frequency  response  predictions  that 
were  sufficiently  accurate  for  the  purposes  of  the  CRF/F100  program. 


3 .  CONCLUSIONS 

The  results  of  the  Phase  1  experimental  work  established  the  feasibility 
of  using  the  NASA  program  to  predict  the  frequency  response  behavior  of  the 
0 . 020-inch-i.iside-diameter  tubing  on  the  CRF/F100  test  article.  Comparisons 
of  the  experimental  data  acquired  with  a  DRUCK  test  transducer  to  the  NASA 
program  results  showed  that  the  theoretical  predictions  of  the  gain  for  a  10.0 
inch  tube  were  within  3  percent  of  the  experimental  values  up  to  a  frequency 
of  170  hertz,  although  above  this  frequency  the  comparison  is  worse.  For  a 
24.0  inch  tube  length,  the  comparison  was  within  12  percent  over  the  200-hertz 
frequency  range.  With  a  10.0  inch  tube,  the  NASA  program  predicted  the  phase 
shift  to  within  14  degrees  of  the  experimental  value  over  the  200-hertz  range, 
while  for  the  24.0-inch  tube  the  comparison  was  within  7  degrees. 

In  contrast,  the  comparison  of  the  experimental  data  acquired  with  the  ZOC 
test  transducer  to  the  NASA  program  results  was  generally  poor.  There  were 
large  differences  between  the  experimental  and  theoretical  values  of  amplitude 
ratio  and  phase  shift  for  all  tube  lengths  tested.  For  example,  with  the  10.0 
inch  tube  the  theoretical  aad  experimental  amplitude  ratios  differed  by  13 
percent  at  the  frequency  of  the  experimental  peak,  and  the  phase  shift 
differed  by  over  25  degrees.  The  primary  reason  for  the  disparity  was  the 
dimensions  being  u3ed  to  model  the  ZOC  transducer  in  the  NASA  program.  The 
equivalent  geometry  values  quoted  by  the  manufacturer  were  simply  unacceptable 
for  modelling  the  ZOC  in  the  NASA  program. 
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Various  methods  of  modelling  the  signal  generator  adapter  were  found  to 
have  minimal  effect  on  the  theoretical  predictions  of  the  frequency  response 
for  the  tubes  tested  in  the  Phase  1  experiments.  However,  the  effects  of  this 
adapter  on  the  experimental  data,  if  any,  were  not  determined  in  the  Phase  1 
experimental  work. 
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SECTION  IV 


EXPERIMENTAL  DETERMINATION  OF  FREQUENCY  RESPONSE  -  PHASE  2 

1 .  GENERAL 

The  results  obtained  from  the  Phase  1  experiments,  and  their  comparison 
with  the  theory,  strongly  indicated  the  need  for  further  investigation  in  two 
areas . 

First  of  all,  it  was  necessary  to  determine  what  effect,  if  any,  the 
signal  generator  adapter  may  have  had  on  the  experimental  data  acquired  in  the 
Phase  1  experiments.  The  ideal  situation  would  be  to  have  no  adapter  at  all, 
with  the  reference  transducer  mounted  directly  to  the  pressure  signal  source. 
This  arrangement  was  not  possible  with  the  Room  24  experimental  setup,  but  the 
adapter  had  been  made  as  short  as  possible  to  minimize  any  distortion  of  the 
pressure  signal  before  it  reached  the  reference  transducer  location.  However, 
any  effect  the  adapter  may  have  had  on  the  data  could  not  be  accounted  for  in 
the  Phase  1  experimental  setup.  Therefore,  a  series  of  experiments  was  needed 
using  a  new  experimental  setup  in  which  the  signal  generator  adapter  was 
eliminated  altogether.  Then  by  comparing  the  data  acquired  from  the  setups 
with  and  without  the  adapter,  it  would  be  possible  to  quantify  the  effect  of 
the  adapter  on  the  Phase  1  experimental  data.  The  details  of  this  effort  are 
presented  in  this  section. 

A  second  area  requiring  further  investigation  was  the  choice  of  internal 
geometry  to  be  used  in  modelling  the  ZOC  test  transducer  for  the  NASA  program. 
The  equivalent  values  for  the  internal  geometry  which  ware  used  in  the  Phase  1 
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experiments  proved  to  be  invalid.  Therefore,  it  was  necessary  to  determine 
set  of  values  for  the  internal  geometry  that  would  provide  an  accurate  model 
of  the  transducer  for  the  NASA  program.  The  development  of  the  values  for 
this  model  is  described  in  Section  V. 

2.  PHASE  2  EXPERIMENTS 

In  this  phase  of  the  experimental  work,  a  new  experimental  setup  was  used 
to  overcome  the  limitations  encountered  during  the  Phase  1  experiments.  The 
main  problem  with  the  Phase  1  setup  was  the  reference  length  between  the 
signal  generator  output  and  the  reference  transducer.  Other  limitations  with 
the  setup  were:  (1)  the  tee  connection  in  the  signal  generator  adapter 
required  for  interconnecting  the  te3t  tube,  (2)  a  variation  in  dynamic 
pressure  level  with  frequency  due  to  limitations  of  the  Fluidics  signal 
generator,  (3)  an  upper  limit  on  the  mean  pressure  in  the  tube  of 
approximately  1.85  atmospheres  due  to  input  pressure  level  restrictions  for 
the  signal  generator,  and  (4)  the  inability  to  change  the  mean  level  of  the 
dynamic  pressure  signal,  which  was  needed  to  investigate  larger  perturbation 
pressure  effects. 

To  eliminate  these  problems,  a  new  dynamic  pressure  source  was  used,  along 
with  a  new  interface  for  the  test  tube  and  reference  transducer.  The  pressure 
source  used  was  a  Multilevel  Pistonphone  Calibrator,  provided  by  the 
Environmental  Acoustics  Branch  of  the  Armstrong  Aeromedical  Research 
Laboratory  (AAMRL)  here  at  Wright-Patterson  AFB.  The  Phase  2  experiments  were 


conducted  at  the  AAMRL. 


Using  the  pistonphone  calibrator  and  specially  fabricated  adapter 
hardware,  a  series  of  experiments  was  conducted  at  the  AAMRL  for  both  10.0 
inch  and  24.0  inch  tubes.  With  this  experimental  setup,  many  of  the 
limitations  noted  for  the  Phase  1  setup  were  eliminated. 

Using  the  calibrator  it  was  possible  to  run  tests  with  tube  mean  pressures 
both  lower  and  higher  than  the  levels  attainable  in  Phase  1.  The  first  series 
of  experiments  using  this  setup  were  run  at  atmospheric  chamber  pressure.  In 
the  Phase  1  experiments,  the  lowest  average  pressure  in  the  tube  was  about  5 
psig.  Th"  next  set  of  Phase  2  experiments  were  run  with  the  calibrator 
chamber  pressurized.  In  one  instance,  the  pressure  was  set  to  about  1.85 
atmospheres.  This  pressure  was  chosen  to  match  the  highest  level  achieved  in 
the  Phase  1  experiments.  Matching  the  mean  pressure  levels  was  done  to  allow 
direct  comparison  of  the  experimental  results.  The  final  pressurized  tests 
were  run  at  approximately  2.5  atmospheres.  This  pressure  was  chosen  becausu 
it  was  the  expected  mean  pressure  level  within  the  CRF/F100  rig  during 
rotating  stall.  Data  at  this  pressure  level  could  not  be  obtained  in  Phase  1 
because  of  the  input  pressure  restrictions  of  the  signal  generator. 

a.  Experimental  Apparatus  and  Data  Acquisition  Equipment 

A  photograph  of  the  AAMRli  experimental  setup  is  shown  in  Figure  36. 

The  pistonphone  calibrator  is  shown  on  the  portable  cart.  A  close-up  of  the 
calibrator  is  shown  in  Figure  37,  with  the  adapter,  containing  the  reference 
transducer  and  test  tube,  mounted  in  one  of  the  calibrator's  test  chambers. 
Details  of  the  adapter  used  to  mount  the  reference  transducer  and  test  tube 
into  the  various  pistonphone  calibrator  chambers  can  be  seen  in  Figures  38  and 
39.  Figure  38  shows  the  top  of  the  adapter,  detailing  the  mounting  of  the 
reference  transducer  and  test  tube.  In  Figure  39,  the  inner  face  of  the 
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Figure  37.  Multilevel  Pinstonphone  Calibrator  with  Adapter  Installed 
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adapter  is  shown.  Notice  that  with  this  adapter  both  the  test  tube  and  the 
reference  transducer  are  flush-mounted  at  the  adapter  inner  face,  thereby 
eliminating  the  reference  length  and  tee  connection  present  in  the  Phase  1 
experimental  setup.  A  block  diagram  of  the  AAMRL  experimental  setup  is  shown 
in  Figure  40. 

The  test  tube  length  and  reference  transducer  were  mounted  at  the  top 
of  a  given  calibrator  chamber  via  the  adapter  shown  in  Figures  38  and  39.  A 
schematic  of  the  adapter  hardware  is  shown  in  Figure  41.  The  DRUCK  reference 
transducer  was  mounted  by  threading  the  outer  sleeve  of  the  transducer  into 
the  adapter.  An  O-ring  was  installed  as  near  to  the  inner  face  of  the  adapter 
as  possible  to  provide  a  seal  for  the  transducer  without  altering  the  volume 
of  the  chamber.  The  test  tube  was  mounted  in  a  Swagelok  fitting.  To  prevent 
crimping  of  the  0.020-inch-inside-diameter  tube,  a  sleeve  of  large-  diameter 
tubing  was  placed  over  the  0.020-inch-inside-diameter  tubing  within  the 
fitting.  This  sleeve  was  soldered  to  the  inner  tube  to  seal  the  connection. 
The  placement  of  the  sleeve  was  such  that  one  end  of  the 

0.020-inch-inside-diameter  tube  was  flush  with  the  inner  face  of  the  adapter. 
Two  of  these  tubes  and  fittings  were  made— one  with  an  overall  tube  length  of 
24.0  inches,  and  the  other  with  an  overall  length  of  10. 0  inches.  Figure  42 
is  a  photograph  of  the  24.0  inch  tube  and  fitting.  Figures  43  and  44  show  the 
details  of  the  connection  at  each  end  of  the  tube.  Teflon  tape  was  applied  to 
the  threads  on  the  fitting  to  seal  the  connection  at  the  adapter. 

•  The  adapter  was  held  in  place  atop  the  chamber  with  two  arms  which 

were  rotated  to  clamp  over  the  outer  lip  of  the  adapter.  Silicone  grease  was 
applied  to  the  adapter  prior  to  installation  in  the  chamber  to  provide  a  seal 
at  the  adapter /chamber  interface. 
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FIGURE  40.  Block  Diagram  of  AAMRL  Experimental  Set-Up 


MATERIAL:  brass 


DIMENSIONS:  INCHES 


SECT  A-A 


FIGURE  41.  Schematic  of  the  Piston  phone  Calibrator  Adapter 
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Figure  43.  24.0-Inch  Tube-4dapter  Fitting  End 

75 


One  of  the  advantages  of  the  calibrator  was  that  tests  could  be  done 
at  higher  pressure  ratios  than  could  be  achieved  in  the  Phase  1  experiments. 

To  do  this,  it  was  necessary  to  increase  the  mean  pressure  in  the  calibrator 
chamber.  This  was  accomplished  by  using  one  of  the  two  bleed  porta  on  each  of 
the  chambers.  A  hollow  bleed  screw  was  fabricated  for  this  purpose.  This 
hollow  screw  could  be  attached  to  a  bottle  of  pressurized  nitrogen  and  then 
threaded  into  one  of  the  chamber  bleed  ports  when  it  was  necessary  to 
pressur j  the  chamber . 

Another  feature  of  the  calibrator  is  the  ability  to  change  the  dynamic 
pressure  level.  A  piston  moving  in  and  out  of  a  fixed  volume  chamber  produces 
tne  oscillating  pressure  signal.  The  calibrator  has  two  different  size 
pistons  and  four  chambers  of  different  volume.  Various  combinations  of  piston 
and  chamber  sizes  can  be  used  to  produce  8  discrete  dynamic  pressure  levels, 
from  a  low  of  109  dB  to  a  high  of  175  dB.  With  a  reference  pressure  level  of 
2.9E-9  psi  these  dB  levels  correspond  to  8.17E-4  pai  and  1.45  psi, 
respectively.  These  dynamic  pressures  can  be  produced  over  a  frequency  range 
from  0.5  to  90  hertz.  In  addition,  the  dynamic  pressure  level  is  essentially 
constant  over  the  frequency  range. 

An  electric  motor  with  a  rheostat  copti-M  is  used  to  drive  the  piston. 
The  piston  crankshaft  is  connected  to  the  motor  uoing  pulleys  and  a  drive 
belt.  A  flywheel  is  also  connected  to  the  piston  craukahazt  tor  speed 
stabilization.  An  optical  transducer  is  used  to  measure  the  flywheel  speed. 

An  oscilloscope  vas  used  to  monitor  thi3  signal.  The  signal  was  also  fed  into 
a  frequency  counter  to  esaaaure  the  flywheel  peri-d,  from  which  the  piston 
freefuency  was  determined. 
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A  DRUCK  transducer  was  used  as  the  test  transducer  for  these 


experiments.  It  was  connected  to  the  0.020-inch-inside-diaineter  tubing  using 
heat  shrink  tubing,  as  before.  The  calibration  data  for  this  transducer  is  in 
Appendix  B. 

The  remaining  data  acquisition  equipment  was  the  same  as  that  used 
previously  in  the  Phase  1  experiments.  The  transducer  signals  were  routed 
through  the  Pacific  amplifier  and  signal  conditioner  units,  and  monitored  with 
the  HP3456A  Digital  Voltmeter  and  ZONIC  6088  Signal  Processor,  as  before, 
b.  Experimental  Procedures 

The  experimental  procedures  for  these  tests  were  similar  to  those  used 
previously  in  Phase  1.  Each  experiment  was  carried  out  as  follows: 

1.  The  appropriate  piston  and  chamber  was  selected  to  give  the 
desired  dynamic  pressure.  The  chamber  adapter,  with  the  reference  transducer 
and  test  tube  in  place,  was  mounted  on  the  chamber.  If  a  pressurized  chamber 
was  needed,  one  of  the  standard  chamber  bleed  screws  was  replaced  with  the 
hollow  bleed  screw.  A  line  from  the  nitrogen  bottle  was  connected  to  the 
hollow  bleed  screw  to  provide  the  pressure  needed. 

2.  The  speed  of  the  electric  motor  was  adjusted  to  produce  a  piston 
frequency  in  the  range  from  10  to  90  hertz.  This  frequency  was  checked,  as 
before,  by  examining  a  spectrum  display  of  the  reference  transducer  with  the 
SONIC  signal  processor. 

3.  The  chamber  was  pressurised  if  needed.  The  chamber  pressure  was 
calculated  from  the  dc  voltage  output  of  the  reference  transducer. 
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4.  To  take  the  raw  data,  average  it,  and  diaplay  the  results,  the 
ZONXC  control  program  was  executed.  A  brief  display  of  the  transfer  function 
for  the  tube  was  shown,  followed  by  a  table  of  values  for  the  amplitude  ratio 
and  phase  shift.  The  values  for  the  current  input  frequency  were  then 
recorded.  The  data  acquisition  and  averaging  scheme  used  in  Phase  1  was  also 
used  in  these  experiments. 

5.  The  piston  frequency  was  increased  in  increments  of  10  hertz  and  a 
new  set  of  data  was  acquired. 

6.  The  entire  process  was  repeated  until  all  test  cases  for  both  tube 
lengths  were  completed. 

c.  Experimental  Results  and  Comparison  to  Theoretical  Predictions 

During  this  phase  of  the  project  a  total  of  11  experiments  were 
completed.  The  individual  test  cases  and  test  conditions  are  shown  in  Table 
3.  All  of  the  experiments  for  the  10.0  inch  tube  were  completed  as  originally 
planned.  Not  shown  in  the  table  are  the  experiments  originally  planned  for 
the  24.0  inch  tube  with  a  pressurized  test  chamber.  These  tests  were 
attempted  but  finally  abandoned  due  to  problems  with  the  pistonphone 
calibrator.  Experiments  with  an  atmospheric  chamber  pressure  were  completed 
for  the  24.0  inch  tube  instead. 

(1)  Experiments  with  a  10.0~Inch  Tube 

For  the  10.0-inch  tube  with  an  atmospheric  chamber  pressure, 
experiments  were  conducted  with  dynamic  pressure  levels  of  130,  145,  159,  and 
175  dB.  The  results  of  these  experiments  are  plotted  in  Figures  45-52. 

Plots  of  the  amplitude  ratio  and  phase  shift  are  shown  together  with  the  NASA 
program  theoretical  predictions. 
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The  comparison  of  this  data  with  the  theory  is  very  good.  The 


theoretical  prediction  for  the  amplitude  ratio  is  within  8  percent  of  the 


Table  3.  Summary  of  the  Phase  2  Experiments 


Tube  Geometry  | 

Length  |  Diameter  |  Chamber  Pressure 

(inches)  |  (inches)  |  (Atmospheres) 

1  1 

1 

|  Dynamic 

1  (dB) 

1 

1 

Pressure  | 
(Psi)  | 

1 

Dynamic/Chamber 
Pressure  Ratio 

<%> 

10.0 

0.020  I 

1.0 

|  130 

0.00917  | 

0.0641 

10.0 

0.020  | 

1.0 

1  145 

0.0516  | 

0.3606 

10.0 

0.020  | 

1.0 

|  159 

0.256  | 

1.808 

10.0 

0.020  | 

1.0 

I  175 

1.63  | 

11.41 

10.0 

1 

0.020  | 

1.85 

1 

1  130 

1 

0.00917  | 

0.0347 

10.0 

0.020  | 

1.85 

;  145 

0.0516  | 

0.1950 

10.0 

0.020  | 

1.85 

1  175 

i 

1.63  | 

6.166 

10.0 

1 

0.020  | 

2.5 

1 

1  175 

1 

1.63  | 

4.562 

24.0 

1 

0.020  | 

1.0 

i 

1  130 

1 

0.00917  | 

0.0641 

24.0 

0.020  | 

1.0 

I  138 

0.0230  I 

0.1611 

24.0 

l_ 

0.020  | 

1 

1.0 

I  175 

1 

1.63  I 

11.41 

experimental  data  for  each  of  th*.  four  cases  shown.  The  greatest  discrepancy 
in  each  case  occurs  at  the  highest  frequencies.  As  with  the  Phase  1 
experiments,  the  predicted  amplitude  ratio  is  consistently  greater  than  the 
actual  measured  value.  Changinq  the  dynamic  pressure  level  appears  to  have  no 
affect  on  the  data.  For  the  four  cases  shown  in  Figures  45  -52,  the  dyne-tic 
p- essure  level  was  increased  from  a  low  of  130  dE  {0.009  psi)  to  a  high  of  J75 
dB  (1.45  psi) .  At  least  over  this  renge,  there  it  no  trend  in  the  data  to 
indicate  that  the  dynamic  pressure  level  is  a  fac  l  .«  ne  frequency  response 
of  the  tube. 
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FIGURE  45.  COMPARISON  OF  AAMRL  EXPERIMENTAL  DATA  TO  NASA  PROGRAM 
FREQUENCY  RESPONSE  PREDICTIONS  FOR  A  10.0  IN.  TUBE  WITH  .020  IN.  ID 
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FIGURE  47.  COMPARISON  OF  AAMRL  EXPERIMENTAL  DATA  TO  NASA  PROGRA 
FREQUENCY  RESPONSE  PREDICTIONS  FOR  A  10.0  IN.  TUBE  WITH  .020  IN.  ID 
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FIGURE  48.  COMPARISON  OF  AAMRL  EXPERIMENTAL  DATA  TO  NASA  PROGRAM 
FREQUENCY  RESPONSE  PREDICTIONS  FOR  A  10.0  IN.  TUBE  WITH  .020  IN.  ID 
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FIGURE  51.  COMPARISON  OF  AAMRL  EXPERIMENTAL  DATA  TO  NASA  PROGR.A 
FREQUENCY  RESPONSE  PREDICTIONS  FOR  A  10.0  IN.  TUBE  WITH  .020  IN.  ID 
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The  same  general  trends  can  be  seen  in  the  phase  shift  data.  The 
predicted  phase  shift  is  consistently  less  than  the  actual  phase  shift,  just 
as  it  was  in  the  Phase  1  experiments.  The  correlation  between  the 
experimental  data  and  theory  is  best  at  the  low  frequencies.  The  differences 
between  the  values  increases  as  the  frequency  is  increased.  The  largest 
difference  between  experimental  and  predicted  values  of  the  phase  shift  was  13 
degrees,  which  occurred  at  90  hertz  for  the  test  with  a  dynamic  pressure  level 
of  175-dB.  For  the  159-dB  test  case  a  maximum  difference  of  8.8  degrees 
occurred  at  90  hertz.  For  the  145-dB  and  l?0-dB  tests,  the  maximum 
differences  were  11  degree**  and  5.9  degrees,  respectively,  with  the  mxinum 
difference  occurring  at  80  hertz  in  each  case.  Again,  there  is  no  pattern 
suggesting  that  the  different  dynamic  pressure  levels  had  any  effect  on  the 
experimental  data. 

During  the  next  set  of  experiments  with  the  10.0-inch  tube,  the 
chamber  was  pressurized  to  about  1.85  atmospheres.  This  chamber  pressure  was 
chosen  to  match  as  nearly  as  possible  the  pressure  in  the  tubes  during  the 
Phase  1  experiments.  By  matching  the  pressure  in  each  experiment,  it  is 
possible  to  compare  the  two  sets  of  experimental  data  directly,  and  thereby 
determine  the  effect  of  changing  to  the  Phase  2  experimental  setup. 

Nhile  attempting  to  pressurise  the  chamber  for  the  first  time,  we 
discovered  that  the  silicone  grease  did  not  provide  an  adequate  sesl  around 
the  chamber  adapter  or  the  bleed  screws.  Teflon  tape  was  applied  to  the  bleed 
screw  threads  to  eliminate  the  leaks  past  the  screws.  By  tightening  the  two 
arms  holding  the  adapter  in  place,  the  amount  of  air  leaking  around  the 
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adapter  was  reauced,  but  a  perfect  seal  was  never  achieved.  Thus,  the  mean 
pressure  in  the  chamber  did  vary  slowly  with  time.  It  was  impossible  to 
maintain  a  constant  pressure. 

In  the  experiment  for  a  dynamic  pressure  of  130-dB,  the  lowest 
chamber  pressure  was  7.35  psig  and  the  highest  was  12.16  psig,  for  a 
difference  cf  4.81  psi.  In  the  145-dB  experiment,  the  maximum  change  in  mean 
pressure  was  2.35  psi,  while  in  the  175-dB  experiment  the  change  was  only  1.19 
psi.  The  amount  of  change  during  the  course  of  an  experiment  was  a  function 
of  how  well  the  adapter  could  be  sealed  with  a  particular  chamber. 

The  mean  pressure  in  the  tube  will  affect  the  frequency  response 
of  the  tube.  In  these  teats,  a  nominal  chamber  pressure  of  1.85  atmospheres 
was  the  target.  If  the  actual  chamber  pressure  is  lower  than  the  nominal 
value,  in  general  the  resulting  amplitude  ratio  data  will  be  slightly  lower 
than  it  would  have  been  ac  the  nominal  pressure.  Similarly,  amplitude  ratio 
data  siightly  higher  than  a  nc.-u.nal  value  can  be  expected  when  the  actual 
rhanber  pressure  is  higher  than  the  target  pressure. 

However,  Figures  s3-5j  show  that  the  slight  changes  in  the 
experimental  data  due  to  variations  in  the  chamber  pressure  are  insignificant 
in  comparison  to  the  theoretical  predictions.  Tie  comparison  of  the 
experimental  data  to  the  theory  is  excellent  *or  these  experiments.  Since  the 
chamber  pressure  did  change  during  each  experiment,  the  theoretical 
predictions  were  calculated  uuing  th“  highest  and  lowest  pressures  measured 
within  the  chamber  during  the  course  of  each  experiment.  These  theoretical 
curves  show  that  the  predictions  are  relatively  insensitive  to  the  mean 
pressure  in  the  frequency  range  from  0  to  100  hecta.  Thus,  the  experimentn] 
date  compares  favorably  with  both  curves  in  eac.«  experiment. 
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FIGURE  55.  COMPARISON  OF  AAMRL  EXPERIMENTAL  DATA  TO  NASA  PROGRAM 
FREQUENCY  RESPONSE  PREDICTIONS  FOR  A  10.0  IN.  TUBE  WITH  .020  IN.  ID 
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FIGURE  56.  COMPARISON  OF  AAMRL  EXPERIMENTAL  DATA  TO  NASA  PROGRAM 
FREQUENCY  RESPONSE  PREDICTIONS  FOR  A  10.0  IN  TUBE  WITH  .020  IN.  ID 
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FIGURE  57.  COMPARISON  OF  AAMRL  EXPERIMENTAL 
FREQUENCY  RESPONSE  PREDICTIONS  FOR  A  10.0  IIS 
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FIGURE  58.  COMPARISON  OF  AAMRL  EXPERIMENTAL  DATA  TO  NASA  PROG 
FREQUENCY  RESPONSE  PREDICTIONS  FOR  A  10.0  IN.  TUBE  WITH  .020  IN. 


For  the  experiment  with  the  130-dB  dynamic  pressure  level,  the 
theoretical  predictions  of  the  amplitude  ratio  are  within  2  percent  of  the 
experimental  data  over  the  frequency  range  from  0  to  70  hertz.  With  a 
pressurized  chamber,  70  hertz  was  the  maximum  frequency  the  calibrator  could 
attain.  The  predicted  phase  shift  was  within  6  degrees  of  the  experimental 
value  throughout  the  frequency  range.  In  the  experiments  with  dynamic 
pressure  levels  of  145-dB  and  175-dB,  there  was  a  difference  of  less  than  1 
percent  between  the  experimental  and  theoretical  values  of  the  amplitude 
ratio.  The  maximum  difference  between  the  experimental  and  theoretical  phase 
shift  values  was  less  than  6  degrees  for  the  145-dB  dynamic  pressure  level 
test,  and  less  than  7  degrees  for  the  175-dB  dynamic  pressure  level  case.  In 
all  three  pressurized  tests,  the  trend  was  for  the  difference  between  the 
experimental  and  theoretical  phase  shift  values  to  inorease  with  increasing 
f  requency . 

With  data  from  both  experimental  setups  at  nearly  the  same  mean 
pressure  in  the  10.0-inch  tube,  it  was  possible  to  determine  the  effect  of 
changing  to  the  Phase  2  experimental  setup.  A  comparison  of  the  data  from 
each  experimental  setup  is  shown  in  Figures  59  to  60.  These  figures  show  that 
the  amplitude  ratio  and  phase  shift  are  essentially  the  same  for  both 
experimental  setups  cut  to  a  frequency  of  70  hertz.  Therefore,  within  this 
limited  frequency  range,  the  change  to  the  Phase  2  experimental  setup  had  no 
effect  on  the  experimental  data.  This  implies  that  the  signal  generator 
adapter  used  in  the  Phase  1  experiments  did  not  adversely  affect  the 
experimental  data,  at  least  not  within  the  0  to  70  hertz  frequency  range. 
Unfortunately,  due  to  the  limited  operating  range  of  the  pistonphone 
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calibrator,  no  higher  f raquency  data  could  he  acquired.  A a  such,  the  effect 
of  the  signal  generator  adapter,  if  any,  in  the  frequency  range  from  70  to  200 
hertz  cculd  not  be  determined. 

In  the  final  experiment  with  the  10.0  inch  tube,  the  chamber 
pressure  was  increased  to  approximately  2.5  atmospheres.  This  is  the  mean 
pressure  expected  in  the  F10Q  rig  during  rotating  9tall.  During  this 
experiment  the  maximum  change  in  the  mean  pressure  was  3.2  psi.  The  dynamic 
pressure  level  for  this  test  was  175-dB. 

The  results  of  the  test  are  shown  in  Figures  61-62.  Again  the 
correlation  oi!  the  experimental  data  with  the  theory  is  excellent.  The 
experimental  amplitude  ratio  data  and  the  theoretical  predictions  agree  to 
within  less  than  1  percent.  For  the  phase  shift  data,  the  comparison  with 
theory  is  within  7  degrees  throughout  the  f regency  range. 

(2)  Experiments  with  a  24.0-Inch  Tube 

The  initial  experiments  with  the  24.0-inch  tube  were  attempted 
with  a  chamber  pressure  of  1.35  atmospheres.  However,  none  of  these 
experiments  could  be  completed.  During  the  previous  experiment  in  which  the 
chamber  pressure  was  set  at  2.5  atmospheres,  the  piston  seal  apparently 
deteriorated  slightly.  In  subsequent  experiments  for  the  24.0-inch  tube  with 
the  chamber  pressurised,  oil  leaked  past  the  piston  seal  and  began  to  fill  the 
chamber  volume.  During  two  of  these  experiments  with  the  smallest  chamber, 
both  the  chamber  and  the  24,0-inch  tube  became  filled  with  oil.  At  this  point 
w«  abandoned  attempts  to  obtain  data  with  the  pressurised  chamber.  The  tube 
was  cleaned  with  £reon  to  remove  the  oil  fil®,  and  then  tested  with  an 
atmospheric  chamber  pressure. 
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The  results  of  these  tests,  for  dynamic  pressure  levels  of  130, 
138,  and  175-dB,  are  shown  in  Figures  63-68.  For  these  three  experiments  a 
maximum  frequency  of  80  hertz  was  attained.  In  the  130-dB  dynamic  pressure 
test  case,  experimental  and  theoretical  values  for  the  amplitude  ratio  were 
within  4.5  percent  of  each  other  over  the  frequency  range.  The  predicted 
phase  shift  was  within  3  degrees  of  the  experimental  values.  In  the  138-dB 
dynamic  pressure  experiment,  again  the  amplitude  ratio  values  differed  by  no 
more  than  4.5  percent,  while  the  greatest  difference  between  the  experimental 
and  theoretical  phase  shift  values  was  4  degrees.  For  the  experiment  at  the 
175-dB  dynamic  pressure  level,  theoretical  values  of  the  amplitude  ratio  were 
within  8.0  percent  of  the  experimental  data,  and  phase  shift  predictions  were 
within  6  degrees  of  the  experimental  values.  Other  trends  seen  in  previous 
experiments  were  evident  in  the  24.0-inch  tube  experimental  data  as  well.  The 
predicted  amplitude  ratio  was  always  greater  than  the  experimental  value, 
while  the  predicted  phase  shift  was  consistently  less. 

3 .  CONCLUSIONS 

The  results  of  the  Phase  2  experiments  substantiated  the  validity  of  the 
Phase  1  experimental  data  up  to  a  frequency  of  70  hertz.  Over  this  frequency 
range  there  was  very  little  difference  in  the  experimental  data  obtained  for  a 
10. 0-inch  tube  from  the  two  setups.  This  in  turn,  indicated  that  the  effects 
of  the  signal  generator  adapter  used  in  the  Phase  1  experiments  were 
negligible  in  the  low  frequency  range.  But  since  the  frequency  range  of  the 
calibrator  only  extended  to  70  hertz,  the  comparison  of  the  data  from  the  two 
setups  is  inconclusive.  The  effect,  if  any,  of  the  signal  generator  adapter 
on  the  experimental  data  at  frequencies  higher  than  hertz  remains  unknown. 
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With  the  Phase  2  experimental  setup  it  was  possible  to  expand  on  the 
information  gained  from  the  Phase  1  experiments  in  two  ways.  Experiments  with 
the  10.0-inch  tube  were  conducted  for  mean  pressures  of  1.0  and  2.5 
atmospheres,  in  addition  to  an  experiment  at  a  chamber  pressure  of  1.85 
atmospheres  chosen  to  duplicate  the  Phase  1  test  conditions.  The  correlation 

* 

of  the  experimental  data  to  the  theory  was  excellent  for  each  of  these 
experiments. 

% 

In  addition  to  extending  the  pressure  range,  the  Phase  2  experimental 
setup  made  it  possible  to  investigate  the  effects  of  various  dynamic  pressure 
levels.  In  the  Phase  1  experiments  the  dynamic  pressure  decreased  steadily 
with  increasing  frequency,  averaging  about  155-dB.  With  the  Phase  2  setup, 
the  dynamic  pressure  was  essentially  constant.  The  results  of  the  Phase  2 
experiments  showed  that  the  choice  of  a  dynamic  pressure  level,  from  within  a 
range  or  130-dB  (9.17E-3  psi)  to  175-dB  (1.45  psi) ,  had  no  effect  on  the 
experimental  data.  This  insensitivity  to  the  dynamic  pressure  level  indicates 
that  the  variable  levels  present  in  the  Phase  1  experiments  did  not  adversely 
affect  the  experimental  data. 

Therefore,  the  objectives  of  the  Phase  2  experiments  were  met.  The  effect 
of  the  signal  generator  adapter  used  in  the  Phase  1  experiments  was  found  to 
be  negligible  up  to  70  hertz.  Data  could  not  be  obtained  from  the  Phase  2 
setup  at  higher  frequencies,  so  the  effects  of  the  signal  generator  adapter  in 
the  70  to  200  hertz  frequency  range  could  not  be  determined.  Also,  we 

determined  that  the  variable  dynamic  pressures  encountered  in  the  Phase  1  work  • 

were  insignificant,  as  the  frequency  response  of  the  tube  is  generally 

* 

insensitive  to  changes  in  dynamic  pressure  within  the  130  to  175-dB  range. 
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4 .  RECOMMENDATIONS 


The  results  of  the  Phase  2  experiments  eliminated  the  concerns  about  the 
Phase  1  experimental  setup  and  essentially  verified  the  quality  of  the  data 
acquired  during  the  Phase  1  experiments.  And,  as  in  the  Phase  1  experiments 
with  the  DRUCK  test  transducer,  the  agreement  between  the  Phase  2  experimental 
data  and  the  NASA  predictions  was  excellent.  The  combined  results  of  both 
phases  of  the  experimental  work  establish  the  NASA  program  as  a  useful  tool 
for  the  prediction  of  frequency  response  in  the  0.020-inch-inside-diameter 
tubes  on  the  CRF/F100  rig.  Furthermore,  the  accuracy  of  these  predictions 
will  be  sufficient  for  the  purposes  of  the  CRF/F100  test  program.  Therefore, 
we  recommend  that  the  NASA  program  be  used  during  the  F100  test  to 
characterize  the  frequency  response  of  the  tubing  used  to  close-couple  the  ZOC 
transducers. 
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SECTION  V 


MODELLING  THE  SCANIVALVE  ZOC14  TRANSDUCER  FOR  THE  NASA  PROGRAM 

1 .  GENERAL 

For  most  of  the  Phase  1  experiments,  a  Scanivalve  Z0C14  transducer  was 
used  as  the  test  transducer.  In  all  of  these  experiments  the  comparison  of 
the  experimental  data  with  the  NASA  program  predictions  was  generally  poor. 

By  substituting  a  DRUCK  transducer  for  the  ZOC  and  performing  additional 
experiments,  an  excellent  match  between  experimental  data  and  theoretical 
results  is  possible.  The  primary  reason  for  the  difference  in  the  comparison 
of  the  data  from  the  two  transducers  was  the  manner  in  which  each  transducer 
was  modelled  in  the  NASA  program. 

For  the  DRUCK  transducer  with  a  zero  volume  adapter,  the  actual  dimensions 
of  the  adapter  and  transducer  were  known.  The  adapter,  shown  in  Figure  69, 
has  an  input  tube  0.6  inches  long,  with  an  inside  diameter  of  0.041  inches. 

The  volume  between  the  inner  face  of  the  adapter  and  the  transducer  sensor  is 
1.22E-6  cubic  inches.  There  are  no  other  internal  tube  lengths  or  volumes. 
These  dimensions  were  used  to  model  the  transducer  in  the  NASA  program  and 
good  results  were  obtained. 

In  contrast,  the  actual  internal  dimensions  of  the  ZOC 14  were  unknown. 
Instead,  the  manufacturer' 3  specifications  quoted  equivalent  dimensions  which 
were  determined  from  measurements  of  pressure  drop  versus  flow  rate  through 
the  actual  internal  hardware.  The  equivalent  dimensions  consist  of  an 
internal  tube  with  a  length  of  2.0  inches  and  an  inside  diameter  of  0.029 
inch,  and  an  internal  volume  of  0.0002  cubic  inch.  The  use  of  these  values  in 
the  NASA  program  produced  unsatisfactory  results. 
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To  improve  the  theoretical  predictions,  a  more  accurate  set  of  internal 
dimensions  was  needed  for  the  ZOC  transducer.  The  effect  of  various 
transducer  dimensions  on  the  frequency  response  of  a  single  tube  system  was 
investigated  with  the  aid  of  a  computer  program  written  to  iterate  on  the 
transducer  variables. 

2.  COMPUTER  PROGRAM  DEVELOPMENT 

A  modified  version  of  the  steering  program  described  in  Section  II  was 
used  in  conjunction  with  the  NASA  subroutines  to  isolate  a  set  of  transducer 
dimensions  best  suited  for  modelling  the  ZOC  transducer.  Modifications  to  the 
original  steering  program  included  the  addition  of  loops  to  perform  the 
iteration  on  the  transducer  volume,  diameter,  and  length.  Variables  were 
added  to  specify  the  minimum  and  maximum  values  for  each  transducer  dimension 
and  to  set  the  increment  or  step  sire  within  each  loop. 

Previous  experience  with  the  NASA  program  indicated  that  the  theoretical 
results  were  more  sensitive  to  changes  in  transducer  volume  than  changes  in 
either  the  internal  length  or  diameter.  Therefore,  in  stepping  through  the 
range  for  each  transducer  variable,  '.he  volume  was  incremented  first,  followed 
by  the  internal  tube  diameter,  and  finally  the  internal  tube  length. 

The  tube  diameter  and  length  were  incremented  by  the  addition  of  a 
relatively  small  constant  value  to  the  previous  diameter  or  length  for  each 
iteration.  The  increment  was  specified  for  each  case  through  the  variables 
IKCDXA  for  the  tube  diameter,  and  XNCXL2  for  the  tube  length. 
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Because  of  the  sensitivity  to  changes  in  transducer  volume,  provision  was 
made  for  using  either  a  coarse  or  a  fine  increment  for  this  variable.  The 
logical  variable  COARSE  was  used  to  control  the  program  flow.  With  this 
variable  set  to  a  true  condition,  the  coarse  increment  was  used.  With  this 
increment  the  transducer  volume  was  increased  by  multiplying  the  current 
volume  by  a  constant  factor,  specified  through  the  variable  DV.  For  example, 
setting  DV  equal  to  five  increased  the  transducer  volume  by  a  factor  of  five 
on  each  iteration. 

With  the  COARSE  variable  set  to  the  false  condition,  the  fine  volume 
increment  was  used.  In  this  instance  the  volume  was  incremented  the  same  way 
a3  the  length  and  diameter  variables.  That  is,  for  each  iteration  the  volume 
vas  increased  by  adding  a  relatively  small  constant  value  to  the  previous 
volume.  The  value  of  this  increment  was  specified  through  the  variable 
INC VOL. 

The  initial  select:  n  of  ranges  and  step  sizes  for  the  transducer 
variables  was  arbitrary.  The  initial  range  for  the  length  was  0.25  to  12.0 
cm,  with  a  step  size  of  0.25  cm.  For  the  diameter,  an  initial  range  of  0.0005 
to  0.1060  cm  was  chosen  along  with  a  step  size  of  0.005  cm.  The  initial 
volume  range  was  1.0E-7  to  0.1  cubic  cm,  with  a  coarse  step  size  of  a  factor 
of  five. 

Subsequent  choices  for  the  range  and  step  size  of  each  transducer 
dimension  were  based  on  the  optimum  geometry  identified  during  a  previous 
execution  of  the  program.  In  general,  the  range  for  each  variable  was 
adjusted  to  evenly  bracket  the  previous  optimum  dimension.  In  some  instances 
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the  step  sizes  were  changed  also.  In  addition,  the  transducer  volume 
increment  was  switched  from  coarse  to  fine  once  the  lowest  relative  error  was 
attained  for  a  given  set  of  ranges  and  step  sizes,  thereby  refining  the 
optimum  transducer  volume. 

To  gauge  the  effect  of  various  internal  dimensions  on  the  overall  system 
response  it  was  necessary  to  compare  the  theoretical  resuits  for  each  set  of 
geometry  with  experimental  data.  The  experimental  data  for  the  10.0-inch  tube 
with  pressure  ratios  of  1.8349  and  1.3982  were  used  for  this  comparison.  The 
method  used  to  make  the  comparison  between  the  theoretical  results  and 
experimental  data  during  each  iteration  was  based  on  the  results  of  the  Phase 
1  experimental  work.  The  comparison  of  the  theory  with  this  data  shows  that 
the  greatest  discrepancies  between  the  theoretical  and  experimental  amplitude 
ratios  occurred  when  the  resonant  peaks  were  not  at  the  same  frequency.  When 
the  peaks  were  not  aligned,  considerable  error  existed  at  frequencies  above 
the  peak.  Therefore,  the  peak  amplitude  ratio  was  chosen  as  the  single  point 
of  comparison  between  the  theoretical  and  experimental  curves.  The  objective 
of  the  steering  program  was  to  identify  the  transducer  geometry  which  would 
result  in  a  theoretical  resonant  peak  at  the  frequency  of  the  experimental 
peak,  and  for  which  the  difference  in  the  amplitudes  of  the  two  curves  was 
minimum. 

The  program  performed  this  task  for  a  given  set  of  transducer  dimensions 
by  first  calling  the  NASA  subroutines  to  calculate  the  theoretical  amplitude 
ratio  at  10  hertz  intervals  over  a  range  of  10  to  200  hertz.  Logic  was  addeo 
within  this  loop  to  identify  the  peak  amplitude  ratio  and  its  frequency. 
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These  values  were  then  compared  to  the  experimental  peak  amplitude  ratio  and 
peak  frequency.  The  difference  between  the  peak  frequencies  was  calculated 
along  with  the  relative  error  between  the  amplitudes  of  the  peaks.  The 
relative  error  was  defined  as 

Experimental  Peak  AR  -  Theoretical  Peak  AR 

Relative  Error  - - - -  (7) 

Experimental  Peak  AR 

which  can  be  expressed  as  the  percent  relative  error  by 

%  Relative  Error  -  Relative  Error  X  100  (3) 

where  AR  is  an  abbreviation  for  Amplitude  Ratio.  If  the  peak  frequencies  were 
the  same,  then  the  current  relative  error  was  compared  to  the  lowest  previous 
value.  The  geometry  resulting  in  the  least  relative  error  was  identified  in 
this  manner  as  the  iteration  proceeded,  and  the  values  were  saved  to  be 
printed  out  at  the  end  of  the  iteration  process.  The  program  then  printed  out 
the  transducer  dimensions,  the  theoretical  peak  amplitude  ratio  and  its 
frequency,  the  relative  error,  and  the  difference  between  peak  frequencies. 
Next  the  appropriate  variable  or  variables  was  incremented  and  the  entire 
process  repeated. 

Upon  completion  of  the  iteration  process  for  a  given  set  of  ranges  and 
step  sires,  the  end  result  was  a  set  of  transducer  dimensions  which  optimised 
the  natch  between  the  theoretical  and  experimental  curves  at  one  frequency. 

Of  course,  satisfying  the  condition  of  minimum  relative  error  at  a  single 
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frequency  does  not  guarantee  good  correlation  throughout  the  rest  of  the 
frequency  range.  To  examine  this  correlation  the  theoretical  amplitude  ratio 
and  phase  shift  curves,  generated  using  the  transducer  geometry  identified 
with  the  program,  were  plotted  versus  the  experimental  data  over  the  entire 
200  hertz  range.  The  relative  error  between  the  theoretical  and  experimental 
results  was  also  calculated  to  provide  a  quantitative  estimate  of  the  match 
between  the  curves.  These  curves  were  ultimately  used  to  select  the  geometry 
which  produced  the  closest  match  between  the  theoretical  and  experimental 
amplitude  ratio  and  phase  shift  throughout  the  frequency  range. 

3.  ZOC  INTERNAL  GEOMETRY  OPTIMIZATION  RESULTS 

The  search  for  an  ideal  set  of  geometry  with  which  to  model  the  ZOC 
transducer  was  accomplished  using  the  computer  program  described  in  the 
previous  section.  The  program  was  run  for  a  total  of  11  cases.  Seven  of 
these  cases  were  run  using  a  coarse  volume  increment,  and  the  optimum  volumes 
from  four  of  these  cases  were  further  refined  using  a  finer  volume  increment. 
The  input  parameters  and  results  for  each  case  are  shown  in  Table  4. 

When  running  the  program  for  the  first  time,  it  was  discovered  that  the 
length  range  would  have  to  be  reduced  from  the  initial  choice  of  0.25  to  12.0 
cm.  The  brute  force  iterative  process  used  in  the  program  turned  out  to  be  an 
extremely  time  consuming  task.  With  the  original  length  range  of  11.75  cm  the 
program  took  so  long  to  run  that  timesharing  on  the  CRT's  IBM  4341  mainframe 
was  impossible.  Therefore,  to  limit  the  amount  of  time  required  to  execute 
the  program,  and  thereby  free  up  the  computer  system  for  other  users,  the 
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length  range  was  segmented  into  smaller  intervals.  Thus,  two  cases  were  run 
to  cover  a  0.25  to  12.0  cm  interval  early  in  the  optimization  process,  and 
later  three  cases  were  run  to  cover  an  interval  of  0.5  to  15.0  cm. 

Once  the  optimization  program  had  been  used  to  identify  a  potentially 
optimum  set  of  transducer  dimensions,  it  was  necessary  to  expand  the 
comparison  between  the  theoretical  results  obtained  using  this  transducer 
geometry  and  the  experimental  data  to  cover  the  entire  200  hertz  frequency 
range.  The  previous  description  of  the  optimization  criterion  program 
identified  the  ZOC  geometry  needed  to  minimize  the  relative  error  between  the 
theoretical  and  experimental  amplitude  ratios  at  only  one  frequency — the 
frequency  at  which  the  peak  amplitude  ratio  occurred  in  the  experimental  data. 
Based  on  this  criterion  alone  the  Case  11  geometry  shown  in  Table  4  appears  to 
be  the  best  choice,  since  these  dimensions  resulted  in  the  smallest  relative 
error.  Further  examination  of  the  results  will  show  that  this  is  not  the  best 
set  of  geometry,  however. 

To  make  the  comparison  of  the  theoretical  and  experimental  results 
throughout  the  200-hertz  frequency  range,  it  was  necessary  to  run  the  original 
NASA  program  for  each  case  with  the  ZOC  transducer  modelled  using  the  optimum 
dimensions  shown  in  Table  4.  These  theoretical  results  were  then  compared  to 
the  experimental  data  at  10-hertz  intervals  over  the  200-hertz  range.  The 
results  are  presented  graphically  in  Figures  70-81  and  the  percent  relative 
error  between  the  experimental  and  theoretical  values  for  each  case  is  shown 
in  Tables  5-26. 
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'able  5,  Coeoanson  of  Experimental  ane  Theoretical  Results  -  Case  i 
(10.0  ;ncn  TuOe.  PR=1.8349) 


I  FREQUENCY 

1  (HZ) 

1  EXPERIMENTAL  .  THEORETICAL 

1  AMPLITUDE  RATIO  1  AMPLITUDE  RATIO 

>  i 

i  RELATIVE 
i  ERROR 
i  (PERCENT) 

1 

i 

1 

EXPERIMENTAL 
PHASE  SHIFT 
(0E6) 

1  THEORETICAL 

1  PHASE  SHIFT 

-  (DEG) 

i  RELATIVE  i 
i  ERROR  i 
i  (PERCENT)  1 

i 

i  « 

1  1 

"1 

i  1 

i  0 

1 

0 

i  0 

i  8 

1  10 

1  .995 

i  1.001 

i  -.60 

1 

-4.85 

i  -4.425 

i  8.76  i 

i  20 

i  .999 

t  1.0053 

i  -.63 

1 

-9.35 

1  -3.785 

•  6.04 

1  30 

l  1.01 

1  1.015 

1  -.50 

1 

-13.8 

1  -13.134 

i  4.83  1 

1  40 

i  1.02 

1  1.031 

i  -1.08 

1 

-18.6 

1  -17.607 

(  5.34 

i  50 

1  1.04 

1  1.0534 

1  -1.29 

1 

-23.5 

(  -22.342 

1  4.93  i 

i  60 

1  1.07 

1  1.0813 

i  -1.06 

1 

-28.8 

I  -27.46 

1  4.65 

1  70 

i  1.1 

1  1.1132 

i  -1.20 

1 

-34.7 

i  -33.865 

i  4.71  i 

l  60 

i  1.13 

i  1.1469 

1  -1.50 

1 

-41.3 

1  -39.247 

i  4.97  i 

1  90 

I  1.16 

i  1.1792 

!  -1.66 

1 

-48.3 

I  -46.06 

1  4. 64  l 

i  108 

1  1.18 

i  1.2058 

>  -2.19 

1 

-55.9 

i  -53.517 

i  4. 26  '■ 

i  110 

1  1.19 

i  1.2216 

1  -2.66 

1 

-64.2 

!  -61.559 

>  4.11 

■  120 

1  1.19 

!  1.2218 

i  -2.67 

j 

-72.7 

1  -70.041 

1  3.66  s 

i  130 

i  1.17 

i  1.2036 

i  -2.87 

| 

-81.6 

1  -78.734 

i  75  i 

i  140 

1  1.13 

■  1.1667 

1  -3.25 

i 

-90.4 

1  -87.364 

i  3.36  i 

1  150 

1  1.07 

t  1.1143 

1  -4.14 

1 

-98.9 

i  -95.666 

1  3.27  1 

i  160 

1  1.01 

i  1.0515 

i  -4.11 

1 

-106 

1  -103. 437 

i  2.42  i 

i  170 

i  .943 

i  .9838 

1  -4.33 

1 

-113 

1  -110.561 

1  2.16  1 

1  160 

1  .884 

i  .9156 

1  -3.57 

1 

-120 

i  -117.001 

1  2.50  ! 

1  190 

1  .814 

i  .8583 

1  -4.46 

i 

-125 

i  -122.78 

1  1.78  1 

1  200 

l  .757 

1  .7897 

1  -4.32 

1 

-130 

1  -127.953 

1  1.57  1 
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Table  6.  Cowunson  of  fxoer  mental  and  Theoretical  Results  -  Case  1 
<10.0  inch  Tube,  PR=1.3982) 


FREQUENCY  1  EXPERIMENTAL  f  THEORETICAL 
i  AMPLITUDE  RATIO  !  AMPLITUDE  RATIO 

(HZ)  :  1 

t  l 

1  RELATIVE  II  EXPERIMENTAL 

1  ERROR  1 1  PHASE  SHIFT 

1  (PERCENT)  11  (DE6) 

I  l 

1  THEORETICAL 

1  PHASE  SHIFT 

1  (DE6) 

RELATIVE  ( 
ERROR  l 
(PERCENT)  i 

0 

l  1 

1 

!  1 

! 

1  0 

1  1 

II  0 

i  0 

0  1 

10 

i  .995 

1  .9992 

1  -.42 

II  -6.12 

i  -5.813 

5.02  1 

28 

:  .993 

i  .9978 

1  -.48 

II  -11.8 

1  -11.546 

2.15  i 

30 

i  .993 

1  .9975 

1  -.45 

II  -17.7 

1  -17.206 

2.79  1 

40 

i  .995 

1  .9995 

1  -.45 

II  -23.6 

1  -22.878 

3.06  i 

50 

i  1 

i  1.004 

1  -.40 

II  -29.7 

1  -20.674 

3.45  1 

60 

:  1 

1  1.0093 

1  -.98 

II  -36,2 

1  -34.694 

4.16  1 

70 

1  1.01 

1  1.0156 

i  -.55 

II  -42.6 

1  -41.003 

3.75  i 

80 

1  1.01 

1  1.8193 

t  -.92 

II  -49.6 

1  -47.632 

3.97  i 

90 

!  1.01 

i  1.0188 

I  -.87 

II  -57 

1  -54.571 

4.26  1 

100 

■  .9% 

i  1.0121 

1  -1.62 

II  -64.3 

1  -61.768 

3.94  i 

110 

i  .979 

-  .9976 

I  -1.90 

ii  -71.8 

1  -69.134 

3.71  1 

120 

»  .953 

!  .9749 

1  -2.30 

II  -79.4 

1  -76.549 

3.59 

130 

i  .921 

i  .9441 

i  -2.51 

II  -66.3 

1  -83.88 

2.80  1 

140 

i  .881 

i  .9066 

I  -2.91 

II  -93.6 

1  -90.998 

2.70  i 

150 

,  .837 

i  .8643 

1  -3.26 

II  -100 

I  -97.801 

2.20  1 

160 

i  .792 

I  .8194 

1  -3.46 

II  -107 

1  -104.216 

2.60  1 

170 

:  .746 

1  .7738 

1  -3.73 

II  -113 

1  -110.205 

1  2.47  1 

180 

i  .698 

i  .729 

1  -4.44 

II  -119 

1  -115.76 

ro 

a 

190 

i  .663 

1  .6863 

1  -3.51 

II  -123 

1  -120.895 

1  1.71  1 

200 

'  .624 

1  .6463 

I  -3.57 

II  -120 

1  -125.637 

1  1.85  1 
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Tabie  7.  Cowan  son  of  Exoeriwntai  ana  Theoretical  Results  -  Case  2 
(11.8  Inch  Tube.  PR=1.8349> 


1  FREQUENCE 

1 

1  (HZ) 

(  EXPERIMENTAL 

1  AMPLITUDE  RATIO 

i 

THEORETICAL  1  RELATIVE 
AMPLITUDE  RATIO  1  ERROR 

1  (PERCENT) 

U  EXPERIMENTAL 

1 1  PHASE  SHIR 

II  <DE6) 

_1  1 

THEORETICAL 
PHASE  SHIR 
(DEG) 

1  RELATIVE  1 

1  ERROR  1 
i  (PERCENT)  1 

1  8 

1  1 

1 

I  0 

1 

1 

8 

8 

1  8  i 

1  18 

i  .995 

1.8817 

1  -.67 

1 

-4.85 

-4.337 

1  9.34  i 

1  28 

i  .999 

1.8874 

1  -.84 

1 

-9.35 

-8.797 

1  5.31 

1  38 

1  1.81 

1.8179 

1  -.78 

-13.8 

-13.242 

1  4.84  1 

1  48 

1  1.82 

1.8339 

1  -1.36 

1 

-18.6 

-17.822 

1  4.18  i 

1  58 

i  1.84 

1.8556 

1  -1.3 

-23.5 

1  -22.646 

1  3.63  1 

1  68 

1  1.87 

1.8825 

t  -1.17 

1 

-28.8 

-27.827 

1  3.38  ! 

1  78 

1  1.1 

1.1132 

i  -1.28 

I 

-34.7 

-33.469 

1  3.55  1 

i  88 

1  1.13 

1.1457 

i  -1.39 

1 

-41.3 

-39.661 

i  3.97 

1  98 

1  1.16 

1.1769 

1  -1.46 

1 

-48.3 

-46.462 

1  3.81  1 

1  188 

1  1.18 

1.2825 

i  -1.91 

-55.9 

-53.885 

1  3.60 

1  110 

1  1.19 

1.2178 

1  -2.34 

1 

-64.2 

1  -61.874 

1  3.62  • 

i  128 

!  1.19 

1.2181 

i  -2.36 

-72.7 

-70.289 

1  3.32  < 

1  138 

1  1.17 

1.2885 

1  -2.61 

1 

-81.8 

1  -78.988 

1  3.54  1 

i  148 

1  1.13 

1. 165 

i  -3.10 

-98.4 

1  -87.468 

i  3.24  i 

i  158 

i  1.07 

1.1144 

i  -4.15 

1 

-98.9 

1  -95.713 

i  3.22  1 

1  168 

1  1.81 

1.8535 

i  -4.31 

-186 

1  -183.445 

i  2.41  i 

1  170 

1  .943 

.3876 

i  -4.73 

1 

-113 

1  -110.548 

i  2.17  1 

1  180 

1  .884 

.9212 

1  -4.21 

1 

-120 

1  -116.983 

i  2.51  i 

I  198 

1  .814 

1  .8578 

1  -5.31 

1 

1  -125 

1  -122.77 

!  1.78  1 

(  288 

1  .757 

(  .7978 

1  -5.39 

1 

-138 

1  -127.963 

i  1.57  1 
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Table  6.  Coeoanson  of  Exwnmental  ana  Theoretical  Results  -  Case  £ 
<10.0  Inch  Tube.  PR=I.3962) 


1  FREQUENCY 

f 

t  (HZ) 

I  EXPERIMENTAL 

1  AMPLITUDE  RATIO 

1 

THEORETICAL 
AMPLITUDE  RATIO 

1  RELATIVE 

1  ERROR 

1  (PERCENT) 

11  EXPERIMENTAL  1  THEORETICAL 

1 1  PHASE  SHIR  1  PHASE  SHIFT 

II  (DE6)  i  (DEG) 

RELATIVE 

ERROR 

(PERCENT) 

1 

1 

« 

i 

1  0 

i  1 

1 

1  0 

I 

1 

0 

1  8 

0 

1 

1  10 

i  .995 

1 

1  -.50 

1 

-6.12 

1  -5.77 

5.72 

i 

i  £0 

■  .993 

1.9003 

1  -.74 

1 

-11.8 

1  -11.528 

2.31 

J 

t  30 

i  .993 

1.0015 

1  -.06 

-17.7 

1  -17.29 

2.32 

I 

1  40 

l  .995 

1.004 

1  -.90 

I 

-23.6 

1  -23.105 

2.10 

I 

i  50 

i  1 

1.006 

1  -.80 

1 

-29.7 

1  -29.041 

2.22 

i 

1  60 

I  1 

1.0126 

i  -1.26 

-36.2 

1  -35.17 

2.85 

i 

I  70 

i  1.01 

1.0167 

i  -.66 

-42.6 

1  -41.547 

2.47 

i 

1  60 

i  1.01 

1.0187 

1  -.86 

-49.6 

l  -48.203 

2.82 

i 

t  90 

1  1.01 

1.0167 

I  -.66 

t 

-57 

1  -55.132 

I  3.28 

i 

1  100 

1  .996 

1.0069 

1  -1.38 

-64.3 

1  -62.289 

3.13 

i 

i  110 

i  .979 

.9939 

1  -1.52 

-71.8 

1  -69.594 

3.07 

i 

i  120 

•  .953 

.9712 

1  -1.91 

j 

-79.4 

1  -76.936 

3.10 

1 

1  130 

1  .921 

.941 

1  -2.17 

1 

-86.3 

i  -84.192 

i  2.44 

t 

l  140 

i  .661 

.9046 

i  -2.66 

-93.6 

1  -91.244 

t  2.52 

i 

I  150 

i  .637 

.6636 

1  -3.18 

1 

-100 

I  -97.993 

1  2.01 

i 

1  160 

i  .792 

.6201 

1  -3.55 

1 

-107 

1  -104.37 

2.46 

i 

1  170 

i  .746 

.776 

1  -4.12 

1 

-113 

1  -110.337 

i  2.36 

i 

i  180 

i  .696 

.7326 

1  -4.96 

i 

-119 

I  -115.685 

2.62 

i 

1  190 

1  .663 

.6911 

1  -4.24 

-123 

1  -121.026 

1  1.68 

1 

1  200 

i  .624 

.6522 

1  -4.52 

-128 

1  -125.785 

1.73 

1 
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Table  9.  Couarison  of  Exoeri»rrtai  and  Theoretical  Results  -  Case  5 
(10.8  Inch  Tube,  PR=1.8349> 


I  FREQUENCY 

t 

I  (HZ) 

EXPERIMENTAL 
AMPLITUDE  RATIO 

1  THEORETICAL 

1  AMPLITUDE  RATIO 

1 

1  RELATIVE  11  EXPERIMENTAL 

1  ERROR  tl  PHASE  SHIFT 

1  (PERCENT)  II  (DES) 

.1  .  1 

1  THEORETICAL 

1  PHASE  SHIFT 

1  (DES) 

1  RELATIVE 

1  ERROR 

1  (PERCENT) 

1 

1 

1 

i  0 

1 

1  l 

I  0 

II  0 

I  0 

1  0 

1 

i  10 

.995 

i  1.0017 

1  -.67 

II  -4.85 

1  -4.393 

1  9.30 

1 

1  20 

.999 

f  1.0074 

1  -.84 

II  -9.35 

l  -8.801 

i  5.87 

1 

1  30 

1.01 

1  1.0179 

I  -.78 

II  -13.8 

I  -13.249 

1  3.99 

1 

I  40 

1.02 

1  1.0339 

1  -1.36 

II  -18.6 

1  -17.831 

i  4.13 

1 

1  50 

1.04 

1  1. 6556 

1  -1.50 

II  -23.5 

1  -22.658 

1  3.58 

1 

1  68 

1.07 

1  1.0825 

1  -1.17 

II  -28.8 

I  -27.842 

i  3o 

l 

1  70 

1.1 

)  1.1132 

1  -1.20 

II  -34.7 

1  -33.488 

1  3.49 

1 

1  88 

1.13 

1  1.1457 

1  -1.39 

II  -41.3 

1  -39.684 

i  3.91 

i 

1  90 

1.16 

i  1.1768 

1  -1.45 

II  -48.3 

1  -46.489 

1  3.75 

i 

1  100 

1.18 

1  1.2024 

1  -1.90 

II  -55.9 

1  -53.917 

1  3.55 

i 

i  110 

1.19 

!  1.2176 

1  -2.32 

>1  -64.2 

1  -61.91 

1  3.57 

i 

i  120 

1.19 

1  1.2178 

1  -2.34 

II  -72.7 

i  -70.328 

1  3.26 

i 

1  130 

1.17 

1  1.2002 

1  -2.58 

II  -81.8 

i  -78.95 

1  3.48 

i 

1  140 

1.13 

I  1.1645 

1  -3.05 

II  -90.4 

1  -87.51 

1  3.20 

t 

i  150 

1.07 

1  1.1138 

1  -4.09 

II  -98.9 

1  -95.755 

1  3.18 

i 

1  160 

1.01 

1  1.0529 

i  -4.25 

II  -106 

1  -103.484 

1  2.37 

i 

1  170 

.943 

i  .987 

1  -4.67 

II  -113 

1  -110.505 

1  2.14 

i 

1  180 

AAA 

•  OOt 

i  .9206 

1  -4.13 

II  -120 

1  -117.017 

!  2.49 

i 

1  190 

.814 

1  .8566 

1  -5.23 

II  -125 

1  -122.802 

i  1.76 

i 

1  200 

.757 

1  .7972 

1  -5.31 

II  -138 

1  -127.992 

i  1.54 

i 
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Table  10.  Co«oanson  of  Exoerwerital  ana  Theoretical  Results  -  Case  3 
(19.0  Inch  Tut*,  PR=1.3982) 


1  FREQUENCY  t 

i  i 

1  (HZ) 

EXPERIMENTAL 
AMPLITUDE  RATIO 

1  THEORETICAL 

1  AMPLITUDE  RATIO 

i 

1  RELATIVE 
i  ERROR 

1  (PERCENT) 

1 

1 

1 

EXPERIMENTAL 
PHASE  SHIFT 
(DEG) 

1  THEORETICAL  l 
i  PHASE  SHIFT  I 

1  (DE6)  i 

RELATIVE 

ERROR 

(PERCENT) 

1 

1 

i 

1  0 

1 

1  1 

1  0 

1 

0 

1  6  1 

0 

l 

1  10  ) 

.995 

1  1 

1  -.50 

1 

-6.12 

1  -5.772  1 

5.69 

1 

t  26  ! 

.993 

1  1.0003 

1  -.74 

I 

-11.8 

1  -11.534  j 

2.25 

1 

i  30 

.993 

1  1.0015 

1  -.86 

1 

-17.7 

1  -17.299  1 

2.27 

1 

1  40 

.995 

i  1.004 

I  -.90 

1 

-23.6 

1  -23.117  1 

2.05 

1 

1  50  t 

1 

1  1.0079 

I  -.79 

I 

-29.7 

1  -29.055  1 

2.17 

1 

i  60  1 

1 

1  1.0125 

i  -1.25 

I 

-36.2 

1  -35.188  I 

2.80 

1 

1  70  i 

1.01 

1  1.0167 

i  -.(£ 

1 

-42.6 

1  -41.568  1 

2.42 

1 

I  89  1 

1.0 

l  1.0186 

I  -.85 

1 

-49.6 

1  -48.227  i 

2.77 

1 

1  90  i 

1.01 

1  1.0166 

1  -.65 

1 

-57 

1  -55.159  1 

3.23 

1 

1  100 

.996 

1  1.0087 

i  -1.28 

1 

-64.3 

1  -62.319  i 

3.08 

i 

1  110  i 

.979 

■  .9937 

1  -1.50 

1 

-71.8 

1  -69.625  » 

3.03 

1 

1  120 

.953 

i  .9709 

1  -1.88 

1 

-79.4 

I  -76. 969  1 

3.06 

i 

l  130 

.921 

i  .9486 

1  -2.13 

1 

-86.3 

1  -84.226  i 

2.40 

1 

t  140  i 

.881 

i  .9042 

1  -2.63 

1 

-93.6 

1  -91.278  ! 

2.48 

i 

1  150 

.837 

>  .8632 

1  -3.13 

1 

-100 

1  -98.026  1 

1.97 

i  160 

.792 

!  .8197 

1  -3.50 

1 

-107 

1  -104.401  1 

2.43 

1 

1  170  i 

.746 

1  .7755 

1  -3.95 

1 

-113 

1  -110.367  1 

2.33 

1 

1  180  i 

.698 

i  .7321 

1  -4.89 

• 

» 

-119 

1  -115.913  1 

2.59 

1 

1  190  s 

.663 

i  .6906 

I  -4.16 

1 

-123 

1  -121.063  I 

1.58 

l 

I  200 

.624 

l  .6517 

i  -4.44 

1 

-128 

1  -125.611  i 

1.71 

1 

126 


Table  11.  Comparison  of  Exoerieental  ana  Theoretical  Results  -  Case  4 
<10.0  Inch  Tube,  PR=1.8349) 


1  FREQUENCY 

1 

i  (HZ) 

i  EXPERIMENTAL 
i  AMPLITUDE  RATIO 

i 

i  THEORETICAL  1  RELATIVE 

1  AMPLITUDE  RATIO  1  ERROR 

1  1  (PERCENT) 

1  EXPERIMENTAL 

1  PHASE  SHIFT 

1  <DE6) 

1  THEORETICAL 

I  PHASE  SHIFT 

1  (DEB) 

RELATIVE  i 
ERROR  1 
(PERCENT)  1 

1  8 

i  1 

1  1 

1  0 

I  0 

1  0 

0  l 

1  10 

i  .995 

1  1.0019 

1  -.69 

I  -4.85 

1  -4.332 

9.44  1 

1  20 

>  .999 

I  1.0073 

1  -.89 

1  -9.35 

1  -6.797 

5.91  i 

1  30 

i  1.01 

1  1.0187 

1  -.86 

1  -13.8 

1  -13.262 

3.30  1 

1  40 

1  1.02 

i  1.0349 

1  -1.46 

1  -18.6 

1  -17.868 

3.94  i 

1  SO 

1  1.04 

I  1.8566 

1  -1.63 

1  -23.5 

1  -22.721 

3.31  1 

1  60 

i  1.07 

1  1.0834 

1  -1.25 

1  -28.8 

1  -27.926 

3.03  1 

I  70 

1  1.1 

1  1.1139 

f  -1.26 

1  -34.7 

1  -33.589 

120  I 

1  68 

1  1.13 

i  1.1462 

1  -1.43 

I  -41.3 

1  -39.7% 

3.64  1 

1  30 

1  1.16 

I  1.1771 

i  -1.47 

i  -48.3 

1  -46.605 

15!  I 

i  100 

I  1.10 

1  1.2025 

1  -1.91 

1  -55.9 

1  -54.031 

134  . 

1  110 

1  1.19 

l  1.2176 

1  -2.32 

1  -64.2 

1  -62.018 

140  1 

>  120 

1  1.19 

l  1.2176 

i  -2.34 

1  -72.7 

i  -70.423 

3.13  i 

1  130 

1  1.17 

1  1.3003 

1  -2.59 

1  -81.8 

i  -79.03 

3.39  1 

i  143 

1  1.13 

1  1.165 

1  -3.10 

1  -90.4 

1  -67.577 

112  i 

1  150 

1  1.07 

1  1.1147 

1  -4.18 

1  -98.9 

1  -95.808 

113  i 

1  160 

i  1.01 

I  1.0542 

1  -4.38 

1  -106 

1  -103.503 

2.36  t 

1  170 

1  .943 

I  .9888 

1  -4.66 

1  -113 

1  -110.626 

2.10  1 

i  160 

1  .664 

i  .9227 

1  -4.38 

1  -120 

1  -117.059 

2.45  1 

1  190 

1  .814 

i  .6592 

1  -5.55 

1  -125 

1  -122.848 

1.72  1 

i  208 

i  .757 

l  .8 

1  -5.68 

1  -‘38 

1  -128.047 

1.50  1 
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Table  12.  Ccuanson  of  Ex  oen  Mental  ano  Theoretical  Results  -  Case  4 
(18.0  inch  Tube.  P«=1.3982) 


I  FREQUENCY 

1  (HZ) 

1  EXPERIlCNTAL 
i  AMPLITUDE  RATIO 

1 

1  THEORETICAL 

1  AMPLITUDE  RATIO 

1 

1  RELATIVE 

1  ERROR 

1  (PERCENT) 

il  EXPERIMENTAL 

1 1  PHASE  SHIR 

11  (PE6) 

i  THtORETICAL 

1  PHASE  SHIR 

1  (DEG) 

1  RELATIVE 

1  ERROR 

1  (PERCENT) 

i  8 

i  1 

1  1 

i  0 

II  8 

1  0 

1  0 

i  10 

1  .995 

1  1.8002 

1  -.52 

!  -6.12 

1  -5.76 

1  5.88 

1  20 

l  .993 

t  1.0808 

(  -.79 

II  -11.8 

1  -11.5 

1  2.54 

1  30 

(  .993 

i  1.802S 

1  -.96 

II  -17.7 

1  -17.3 

I  2.26 

1  48 

:  .995 

1  1.8854 

1  -l.&> 

II  -23.6 

1  -23.2 

1  1.69 

1  50 

l  1 

1  1.8094 

1  -.94 

il  -29.7 

1  -29.1 

1  2.82 

i  68 

1  1 

i  1.8139 

1  -1.39 

i i  -36. 2 

1  -35.3 

1  2.49 

1  70 

1  1.01 

1  1.8178 

1  -.77 

II  -42.6 

l  -41.7 

l  2.11 

1  80 

1  1.01 

1  1.0195 

1  -.94 

II  -49.6 

1  -48.4 

1  2.42 

1  90 

i  1.01 

1  1.8171 

1  -.71 

II  -57 

1  -55.3 

1  2.98 

'  100 

l  .996 

t  1.889 

i  -1.31 

II  -64.3 

1  -62.5 

1  2.60 

1  110 

•  .979 

1  .9938 

1  -1.51 

il  -71.8 

1  -69.8 

l  ?.79 

1  120 

1  .953 

1  .9709 

l  -1.88 

II  -79.4 

1  -77.1 

1  2.98 

1  130 

1  .921 

1  .9188 

1  -2.15 

1 1  -CC.3 

1  -84.4 

1  2.20 

>  140 

.  .881 

1  .9844 

1  -2.66 

II  -93.6 

1  -91.4 

)  2.3S 

1  150 

1  .837 

1  .8637 

1  -3.19 

II  -180 

1  -90.1 

1  1.90 

1  160 

1  .792 

1  .8285 

i  -3.68 

II  -107 

1  -104 

1  2.88 

1  170 

t  .746 

'  .7767 

1  -4.12 

il  -113 

1  “118 

1  2.65 

1  160 

1  .696 

-  .7336 

1  -5.11 

il  -119 

1  -116 

l  2.52 

i  190 

1  .663 

«  .6924 

1  -4.43 

II  -123 

1  -121 

1  1.63 

1  200 

1  .624 

<  .6533 

1  -4.78 

II  -128 

1  -126 

1  1.56 
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Table  13.  Conartsm  of  Exoeriaerital  arid  Theoretical  Results  -  Case  5 
(10,8  Inch  lube,  PR=1.8349) 


1  FREQUENCY 

i 

1  (HZ) 

1  EXPERIItNTAL 

1  AMPLITUDE  RATIO 

1 

(  THEORETICAL  1 

1  AMPLITUDE  RATIO  1 

1  1 

RELATIVE 

ERROR 

(PERCENT) 

II  EXPERIMENTAL 

1 1  PHASE  SHIFT 

II  (DES) 

||  ------- 

THEORETICAL 
PHASE  SHIR 
(DES) 

RELATIVE 

ERROR 

(PERCENT) 

i 

1 

1 

i  e 

f  1 

t  1  1 

0 

I  J 

II  0 

6 

0 

1 

1  IS 

1  .995 

1  10013  i 

-.69 

II  -4.85 

-4.395 

9.22 

1 

1  20 

t  .999 

I  1.888  i 

-.90 

II  -9.35 

-8.807 

5.81 

1 

1  30 

1  1.01 

i  1.8189  1 

-.88 

II  -13.8 

-13.283 

3.75 

1 

i  40 

1  1.82 

i  1.8352  i 

-1.49 

II  -18.6 

-17.904 

3.74 

1 

1  58 

1  1.84 

1  1.857  1 

-1.63 

II  -23.5 

-22.77 

3.11 

1 

1  60 

1  1.07 

1  1.0637  1 

-1.26 

1 1  -28. 8 

-27.991 

2.81 

1 

i  78 

1  1.1 

1  1.1141  1 

-1.28 

II  -34.7 

-33,667 

2.98 

1 

1  60 

1  1.13 

1  1.1463  1 

-1.44 

II  -41.3 

-39.886 

3.42 

1 

1  90 

1  1.16 

1  1.177  1 

-1.47 

II  -48.3 

-46.707 

3.38 

1 

i  180 

1  1.18 

1  1.2022  i 

-1.88 

II  -55.9 

-54.14 

3.15 

i 

i  110 

1  1.19 

1  1.217  1 

-2.27 

II  -64.2 

-62.129 

3.23 

1 

1  120 

1  1.19 

!  1.217  1 

-2.27 

II  -72.7 

-70.536 

2.98 

1 

1  139 

1  1  17 

i  1.1994  1 

-2.51 

II  -81.8 

-79.14 

3.25 

1 

1  140 

I  2.13 

i  1.164  1 

-3.01 

II  -90.4 

-87.68 

3.01 

1 

1  158 

!  1.07 

t  1.1137  1 

-4.88 

II  -98.9 

-95.904 

3.03 

1 

1  160 

1  1.01 

i  1.0534  1 

-4.30 

II  -106 

-103.618 

1  2.25 

1 

1  170 

1  ,943 

i  .966  1 

-4.77 

II  -113 

-110.707 

1  2.03 

1 

1  180 

i  .884 

i  .9222  1 

-4.32 

II  -120 

-117.134 

2.39 

1 

1  190 

1  .814 

i  .6586  1 

-5.M 

II  -125 

-122.919 

1  1.66 

1 

i  200 

l  .757 

i  .7999  1 

-5.67 

II  -130 

-128.114 

1  1.45 

1 
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Table  14.  Coeroanson  of  Exoermental  a no  Theoretical  Results  -  Case  5 
<18.0  Inch  Tube,  PfW.3982) 


1  FREQUENCY 

1 

i  (HZ) 

EXPERIMENTAL 
AMPLITUDE  RATIO 

i  THEORETICAL  1  RELATIVE  II  EXPERIMENTAL 

1  AMPLITUDE  RATIO  1  ERROR  1 1  PHASE  SHIR 

1  1  (PERCENT)  II  (DEB) 

_1  1  _  .1 

1  THEORETICAL 

1  PHASE  SHIFT 

1  (DE6) 

RELATIVE 

ERROR 

(PERCENT) 

1  1 

i  0 

j 

1 

I  1 

i  0 

II  0 

1  0 

0 

1  18 

.995 

1  1.0002 

1  -.52 

li  -6.12 

1  -5.77 

5.72 

1  20 

,993 

1  1.001 

1  -.81 

II  -11.8 

1  -11.5 

2.54 

» 

i 

1  30 

.993 

i  1.0028 

1  -.99 

II  -17.7 

1  -17.3 

2.26 

i  40 

.995 

1  1.8057 

1  -1.08 

II  -23.6 

l  -23.2 

1.69 

i  50 

1 

1  1.0097 

1  -.97 

II  -29.7 

1  -29.2 

1.68 

1  60 

1 

1  1.0142 

1  -1.42 

II  -36.2 

1  -35.4 

2.21 

1  70 

1.01 

I  1.018 

1  -.79 

1!  -42.6 

1  -41.8 

1.88 

i  88 

1  1.01 

i  1.9195 

1  -.94 

II  -49.6 

1  -48.5 

2.22 

i  90 

1.01 

1  1.0169 

1  -.68 

II  -57 

1  -55.4 

2.81 

1  108 

.996 

i  1.0085 

1  -1.26 

II  -64.3 

i  -62.6 

2.64 

1  110 

■  .979 

i  .9931 

1  -1.44 

II  -71.8 

1  -69.9 

2.65 

i  120 

i  .953 

■  .9701 

i  -1.79 

II  -79.4 

l  -77.2 

2.77 

1  130 

1  .921 

1  .9399 

l  -2.06 

II  -86.3 

1  -84.5 

2.09 

1  140 

.  .881 

i  .9036 

1  -2.57 

II  -93.6 

1  -91.5 

2.24 

1  150 

l  .837 

i  .8629 

1  -3.09 

II  -100 

1  -98.2 

1.30 

<  160 

l  .792 

1  .8198 

1  -3.51 

II  -107 

1  -105 

1.87 

1  170 

1  .746 

1  .7761 

1  -4.03 

II  -113 

!  -Ill 

1.77 

i  180 

i  .698 

i  .7332 

1  -5.04 

II  -n: 

1  -116 

2.52 

i  190 

1  .663 

1  .6922 

1  -4.40 

II  -123 

1  -121 

1.63 

1  200 

i  .624 

1  .6537 

1  -4.76 

II  -128 

1  -126 

1.56 

Taole  15.  Conoarison  of  ExceriBental  and  Theoretical  Results  -  Case  6 
(11.0  Inch  Tube,  PR=1.8349) 


i  FREQUENCY 

1 

1  (HZ) 

1  EXPERIMENTAL  1  THEORETICAL  1 

1  AMPLITUDE  RATIO  1  AMPLITUDE  RATIO  i 

i  1  1 

l  _<  l. 

RELATIVE  II  EXPERIMENTAL  1  THEORETICAL 
ERROR  II  PHASE  SHIR  1  PHASE  SHIFT 
(PERCENT)  II  (DE6)  1  (DEB) 

1  i  1 

RELATIVE 

ERROR 

(PERCENT) 

i 

1 

1 

1  0 

I 

!  1 

i  1  i 

0 

II  0 

1  0 

0 

1 

1  10 

:  .995 

1  1.002  1 

-.70 

II  -4.85 

1  -4.85 

0 

1 

1  20 

1  .999 

i  1.0078  1 

-.88 

II  -9.35 

1  -9.75 

-4.28 

1 

i  30 

i  1.01 

1  1.0174  1 

-.73 

II  -13.8 

1  -14.8 

-7.25 

i 

i  40 

I  1.02 

1  1.0385  i 

-1.03 

II  -18.6 

1  -19.9 

-6.99 

1 

1  50 

I  1.84 

1  1.0467  1 

-.64 

II  -23.5 

i  -25.2 

-7.23 

1 

I  60 

1  1.07 

1  1.0655  > 

.42 

II  -28.8 

1  -38.8 

-6.94 

1 

i  70 

t  1.1 

1  1.886  I 

1.27 

II  -34.7 

1  -36.8 

-6.05 

1 

i  80 

1  1.13 

1  1.1072  i 

2.02 

1)  -41.3 

1  -43 

-4.12 

i 

1  90 

:  1.16 

1  1.1274  1 

2.81 

II  -48.3 

1  -49.5 

-2.48 

j 

l  100 

i  1.18 

i  1.145  1 

2.97 

II  -55.9 

1  -56.5 

-1.07 

1 

110 

1  1.19 

1  1.1579  i 

2.70 

II  -64.2 

1  -63.7 

.78 

1 

1  120 

1  1.19 

1  1.164  i 

2.18 

II  -72.7 

1  -71.3 

1.93 

1 

1  138 

1  1.17 

i  1.1618  i 

.70 

II  -81.8 

i  -79 

3.42 

1 

1  140 

i  1.13 

1  1.1502 

-1.79 

II  -90.4 

1  -66.9 

3.87 

1 

1  150 

1  1.07 

1  1.1291  ( 

-5.52 

II  -98.9 

1  -94.7 

4.25 

1 

1  160 

1  1.01 

1  1.0996  1 

-8.87 

II  -106 

1  -102 

3.77 

1 

1  170 

.943 

i  1.0632  i 

-12.75 

II  -113 

1  -110 

2.65 

i 

i  180 

i  .884 

1.022  i 

-15.61 

II  -120 

1  -117 

2.50 

1 

'.90 

1  .814 

l  .9781  1 

-28.16 

II  -125 

1  -124 

.80 

1 

1  200 

i  .757 

1  .9335  1 

-23.32 

1  -130 

1  -131 

>  -.77 

1 

nt 


Table  16.  Cg«d':so«  of  Exoerieental  and  Theoretical  Resu.:s  -  Case  6 
(10.0  Inch  Tote.  PR=1.39B2) 


1  FRTJENCY  (  EXPERIICNTAL  1  7>~3RETICAL  1  RELATIVE  II  EXPERIMENTAL  1  THEORETICAL  1  RELATIVE 

1  AMPLITUDE  RATIO  1  AMPLITUDE  RATIO  1  ERROR  II  PHASE  SHIFT  i  PHASE  SHIFT  1  ERROR  1 

(HI)  1  1  (PERCENT)  (DE6)  1  (DEO)  1  PERCENT)  1 

1  0 

1  1 

1 

1  1 

1  0 

I  1 

II  0 

1  8 

1  0 

1 

1  10 

i  .995 

1  1.3303 

I  -.53 

II  -6.12 

-6.36 

1  -3.92 

i 

i  20 

i  .993 

1  1.0012 

-.83 

II  -11.8 

i  -:2.7 

1  -7.63 

i 

1  30 

i  .993 

i  1.0024 

1  -.95 

ii  -r.~ 

1  -19.2 

1  -8.47 

1 

'  40 

i  .995 

i  1.3336 

1  -.86 

II  -23.6 

1  -25.7 

1  -8.90 

1 

50 

1  1 

1  1.6343 

1  -.43 

II  -29.7 

-32.4 

1  -9.09 

1 

i  60 

i  1 

1.0039 

1  -.39 

II  -36.2 

1  -39.1 

1  -8.01 

1 

i  70 

i  1.01 

<  1.0019 

1  .60 

:  -42.6 

1  -46 

1  -7.98 

1 

1  80 

'.31 

1  .9974 

1  1.8! 

II  -49.6 

1  -53 

1  -6.55 

1 

1  90 

'.01 

•  .99 

.98 

II  -57 

1  -61.2 

1  -5.61 

1 

100 

I  .9% 

.979 

1  1.71 

II  -64.3 

1  -f  \  3 

1  -4.67 

1 

110 

i  .,979 

i  ^  ".r  4 1 

1  1.51 

II  -71.8 

1  -74.6 

1  -3.90 

i 

1  120 

-  .953 

i  .9454 

i  .80 

II  -"?.  4 

1  -81.8 

1  -3.02 

1 

1  130 

1  .921 

•  .923 

1  -.22 

i  -26.3 

1  -89 

i  -?.:3 

1 

1  140 

’  .881 

1  .8972 

-'.84 

II  -93.6 

1  -96.1 

•2.67 

i 

l  150 

>  .837 

;  .8699 

1  -3.93 

II  -100 

1  -*?3 

1  -3.00 

i 

1  160 

i  .792 

385 

1  -5.87 

tl  -107 

-110 

i  -e.as 

i 

!  170 

1  .746 

.907 

1  -8.18 

II  -!'  ’ 

1  -116 

1  -2.65 

1  180 

t  .i;? 

■  .7751 

1  -11.05 

!  -119 

1  -123 

1  -3.36 

1  190 

;:>  3 

i  .7432 

1  -'1.10 

1 1  -123 

1  -129 

i  -4.88 

i 

1  .624 

l  .712 

1  -14.10 

II  -128 

1  -135 

1  -5.47 

i 
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Table  17.  '-wwanson  of  Experimental  and  ThE:---Mcal  Results  -  Case  7 
(10.0  Inch  Tube.  ''=  .8349) 


1  FREQUENCY  1 

;  1 

1  -HZ)  ! 

EXPERIMENTAL 
AMPLITUDE  RATIC 

"-CORETICAL 
AMPLITUDE  RATIO 

!  RELATIVE 
!  ERROR 

1  (PERCENT) 

II  EXPERIMENTAL 

1 1  PHASE  SHIFT 
(DEG) 

.4  1 

THEORETICAL 

I  PHASE  SHIFT 

1  (DEG) 

RELATIVE 

ERROR 

(PERCENT) 

1 

1 

1 

1 

1  0 

II 

0 

1  0 

0 

1 

•'  1 

.995 

1  1.0924 

1  -.74 

II 

-4.85 

-4.88 

-.62 

1 

1  28  1 

.999 

1.00% 

t  -1.06 

-9.35 

1  -9.82 

-5.03 

1 

I  38  1 

1.01 

1  1.0214 

!  -1.13 

-13.8 

i  -14.9 

-7.97 

l 

i  40 

1.02 

1  1.0376 

1  -1.73 

II 

-18.6 

1  -20.1 

-6.06 

1 

50  1 

1.04 

1  1.0578 

i  -1.71 

11 

-23.5 

1  -25.6 

-8.94 

1 

l  60  1 

1.07 

1.0813 

1  -1.06 

II 

-28.8 

1  -*:.4 

-9.03 

1 

«  70  1 

1.1 

1.1071 

1  -.65 

II 

-34.7 

i  -37.6 

-8.36 

1 

i  80  1 

1.13 

1  1.1337 

t  -.33 

11 

-41.3 

1  -44.1 

-8.78 

1 

•  80  1 

1.16 

!  1.1592 

1  .07 

II 

-48.3 

1  -51.1 

-5.80 

1 

.•?  1 

1.18 

1  1.1809 

-.08 

II 

-55.9 

1  -58.6 

-4.83 

i 

i 

1.19 

1  1.1962 

1  -.52 

il 

-64.2 

1  -66.4 

-3.43 

1 

•  120  1 

1.19 

1.2023 

i  -1.03 

II 

-72.7 

i  -74.5 

-2.48 

1 

=  130  1 

1.17 

•  1.1972 

1  -2.32 

-81.8 

1  -82.9 

-1.34 

• 

!  140 

1.13 

1  1.1602 

1  -4.44 

II 

-91.4 

1  -91.2 

-.88 

i 

1  150 

1.07 

1  1.1519 

i  -L65 

II 

-96.9 

1  -99.5 

-.61 

l 

•  160  i 

1.01 

i  1.1143 

1  -10.33 

II 

-106 

1  -108 

-1.89 

i 

170  1 

.943 

1  1.07 

1  -13.47 

II 

-113 

1  -115 

-1.77 

l 

I  180  i 

AAi 
*  oo^ 

I  1.0221 

1  -15.62 

tl 

-120 

1  -123 

-2.50 

l 

1  130  1 

.814 

1  .9731 

1  -19.55 

H 

-125 

1  -130 

-4.00 

l 

i  m  i 

.757 

1  .9249 

i  -22.18 

II 

-130 

1  -136 

-4.62 

1 
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Taole  18.  Comaanson  of  txoeriaentai  ana  Theoretical  Jesuits  -  Case  7 
(18.8  Inch  Tube,  PR=1.3382) 


'  FREQUENCY  i  EXPERIMENTAL  '  THEORETICAL  1  RELATIVE 

i  AMPLITUDE  RATIO  i  AMPLITUDE  RATIO  1  ERROR 

(HZ)  1  i  (PERCENT) 

li  EXPERIMENTAL 
!  1  PHASE  SHIFT 

II  (DE6) 

1  THEORETICAL 
l  PHASE  SHIFT 

1  (DE6) 

RELATIVE  1 
ERROR  i 
(PERCENT)  1 

•  8 

!  1 

1  1 

'  8 

II  0 

1  0 

0  1 

•  /> 

it' 

!  .995 

1  1.8887 

1  -.57 

II  -6.12 

1  -6.4 

-4.58  1 

i  20 

i  .993 

!  1.0829 

1  -1.88 

II  -11.8 

!  -12.8 

-6.47  1 

•  38 

.  .993 

i  1.8861 

1  -1.32 

II  -17.7 

1  -19.4 

-9.68  1 

1  48 

995 

1  1.81 

l  -1.51 

il  -23.6 

1  -26 

-10.17  i 

:  58 

! 

i  1.814 

1  -1.48 

II  -29.7 

1  -32.8 

-10.44  1 

*  68 

:  1 

1  1.0171 

1  -1.71 

II  -36.2 

1  -39.8 

-9.94  1 

78 

i  1.01 

i  1.0184 

1  -.83 

II  -42.6 

)  -47 

-10.33  1 

•  88 

'  1.01 

1  1.8169 

1  -.68 

II  -49.6 

1  -54.3 

-9.48  1 

98 

1  1.01 

i  1.8118 

1  -.18 

li  -57 

I  -61.8 

-8.42  1 

!  !08 

i  .996 

i  1.8621 

i  -.61 

il  -64.3 

1  -69.4 

-7.93  1 

110 

•  .979 

i  .9874 

:  -.86 

II  -71.8 

1  -77 

-7.24  I 

!  128 

.  .953 

.9676 

l  -1.53 

II  -79.4 

1  -84.7 

-6.68  1 

138 

:  .921 

.943 

1  -2.39 

'1  -86.3 

1  -92.2 

-6. 84  1 

:  148 

.  .881 

*  .9145 

i  -3.88 

II  -93.6 

1  -99.7 

-6.52  1 

.  158 

s  .837 

>  .8829 

1  -5.48 

li  -1W 

1  -107 

-7.00  i 

-  168 

■  .792 

.8494 

1  -7.25 

II  -107 

1  -114 

-6.54  1 

'  170 

1  .746 

i  .8149 

i  -9.24 

II  -113 

1  -121 

-7.08  1 

:  188 

f  .698 

i  .7884 

1  -11.81 

II  -119 

1  -127 

-6.72  1 

198 

1  .663 

:  .7466 

1  -12.61 

il  -123 

1  -133 

-8.13  1 

■  288 

'  .624 

1  .7141 

l  -14.44 

II  -128 

1  -141 

i  -9.38  1 
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Table  19.  Comoarison  of  Experimental  and  Theoretical  Resuits  -  Case  8 
(10.0  Inch  Tube,  PR=i.B349) 


;  FREQUENCY 

1  (HZ) 

!  EXPERIMENTAL  i  THEORETICAL  1  RELATIVE  It  EXPERIMENTAL  1  THEORETICAL  1  RELATIVE 

1  AMPLITUDE  RATIO  1  AMPLITUDE  RATIO  1  ERROR  II  PHASE  SHIFT  1  PHASE  SHIFT  1  ERROR 

1  1  1  (PERCENT)  II  (DE6)  1  (DES)  1  (PERCENT) 

1 

1 

1 

:  0 

I 

i  l 

I 

1  1 

1  0 

1  1 

II  0 

I  0 

1  0 

1 

:  10 

1  .995 

1  1.002 

1  -.70 

II  -4.85 

1  -5.64 

1  -16.23 

1 

i  20 

1  .999 

I  1.008 

i  -.90 

II  -9.35 

1  -11.3 

1  -20.86 

1 

;  30 

i  1.01 

1  1.0179 

1  -.78 

II  -13.8 

1  -17.1 

1  -23.91 

1 

1  40 

1  1.02 

1  1.0313 

1  -1.11 

1 1  -18.6 

1  -23.1 

1  -24.19 

1 

1  50 

1  1.04 

1  1.0478 

1  -.75 

II  -23.5 

i  -29.3 

1  -24.68 

i 

i  60 

i  1.07 

!  1.0687 

i  .31 

II  -28.6 

1  -35.7 

1  -23.96 

i 

!  70 

1  1.1 

1  1.8871 

1  1.17 

II  -34.7 

1  -42.4 

1  -22.19 

i 

1  80 

1  1.13 

1  1.1079 

I  1.96 

II  -41.3 

1  -49.4 

1  -19.61 

i 

i  90 

1  1.16 

1  1.1274 

l  2.81 

II  -48.3 

1  -56.8 

1  -17.60 

i 

l  100 

1  1.18 

1  1.1441 

I  3.04 

II  -55.9 

1  -64.4 

1  -15.21 

i 

l  110 

1  1.19 

1  1.1561 

1  2.85 

II  -64.2 

1  -72.4 

i  -12.77 

i 

>  120 

1  1.19 

1  1.1617 

1  2.38 

II  -72.7 

1  -86.6 

1  -10.87 

» 

i  138 

l  1.17 

1  1.16 

1  .85 

II  -81.8 

1  -88.9 

1  -8.68 

• 

>  140 

1  1.13 

1  1.1502 

1  -1.79 

II  -90.4 

1  -97.3 

1  -7.63 

! 

,  150 

1  1.07 

1  1.1329 

I  -5.88 

il  -98.9 

1  -106 

1  -7.18 

1 

1  160 

1  1.01 

1  1.1088 

1  -9.78 

II  -106 

1  -114 

1  -7.55 

1 

l  170 

!  .943 

t  1.0795 

1  -14.48 

II  -113 

1  -122 

1  -7.96 

I 

i  180 

'  .884 

1  1.0467 

1  -18.40 

II  -120 

1  -130 

1  -8.33 

1 

'  190 

i  .814 

i  1.0119 

1  -24.31 

II  -125 

1  -137 

1  -9.60 

1 

1  200 

i  .757 

1  .9765 

1  -29.00 

II  -130 

1  -145 

1  -11.54 

1 
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Table  20.  Comparison  of  Experimental  and  Theoretical  Results  -  Case  6 
<10.0  Inch  Tube,  PR=1.3982) 


I  FHEUUENCY  I  EXPERIMENTAL  I  THEORETICAL  I  RELATIVE  II  EXPERIMENTAL  I  THEORETICAL  I  RELATIVE 

i  I  AMPLITUDE  RATIO  I  AMPLITUDE  RATIO  I  ERROR  I i  PHASE  SHIFT  i  PHASE  SHIR  I  ERROR 

I  (HZ)  l  I  I  (PERCENT)  II  (DEB)  I  (DEB)  I  (PERCENT) 


1 - - — 

!  e 

— i - 

•  t 

■  a 

1  1 

1  0 

— 1 1 - 

II  8 

1  0 

1  0 

1 

1  10 

1  .395 

1  1.0001 

I  -.51 

II  -6.12 

I  -7.4 

1  -20.92 

1 

1  20 

i  .393 

1  1.0001 

1  -.72 

II  -11.8 

1  -14.8 

1  -25.42 

1 

1  30 

i  .333 

i  1.0001 

1  -.72 

II  -17.7 

1  -22.3 

1  -25.99 

1 

i  40 

1  .395 

1  .9996 

1  -.46 

II  -23.6 

1  -29.8 

1  -26.27 

1 

'■  50 

1  1 

1  .9982 

1  .18 

II  -29.7 

1  -37.5 

1  -26.26 

1 

1  60 

1  1 

i  .9954 

1  .46 

II  -36.2 

1  -45.2 

1  -24.86 

1 

1  70 

1  1.01 

1  .9906 

1  1.98 

II  -42.6 

1  -53 

1  -24.41 

1 

i  80 

1  1.01 

i  .3839 

1  2.58 

II  -49.6 

1  -60.8 

1  -22.58 

1 

1  30 

l  1.01 

t  .3743 

1  3.53 

II  -57 

1  -68.7 

1  -20.53 

1 

:  100 

i  .3% 

!  .3618 

1  3.43 

II  -64.3 

1  -76.7 

1  -19.28 

1 

l  110 

i  .379 

i  .9463 

1  3.34 

11  -71.8 

1  -84.6 

i  -17.83 

1 

i  120 

l  .353 

i  .9279 

1  2.63 

II  -79.4 

1  -92.6 

1  -16.62 

i 

i  138 

i  .921 

>  .3069 

1  1.53 

II  -86.3 

1  -100 

1  -15.87 

1 

■  148 

i  .881 

i  .8837 

1  -.31 

II  -93.6 

1  -108 

1  -15.38 

1 

•  158 

1  .837 

i  ,8588 

1  -2.68 

II  -108 

1  -116 

1  -16.00 

1 

i  160 

1  .792 

1  .8327 

1  -5.14 

II  -107 

I  -123 

1  -14.95 

1 

1  170 

!  .746 

i  .606 

1  -6.14 

II  -113 

1  -131 

1  -15.93 

1 

1  188 

i  .696 

1  .7791 

1  -11.62 

II  -119 

1  -138 

1  -15.97 

1 

1  130 

1  .663 

1  .7523 

1  -13.47 

II  -123 

1  -145 

1  -17.89 

1 

1  200 

1  .624 

1  .7259 

1  -16.33 

II  -128 

1  -152 

1  -18.75 

1 
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Table  £1.  Comparison  of  Experimental  and  Theoretical  Results  -  Case  9 
<18.0  Inch  Tube,  PR=1.8349> 


1  FREQUENCY  1  EXPERIMENTAL 
i  I  AMPLITUDE  RATIO 

.  t'HZ)  1 

t  THEORETICAL  I  RELATIVE  il  EXPERIMENTAL  1  THEORETICAL 
t  AMPLITUDE  RATIO  t  ERROR  i i  PHASE  SHIFT  t  PHASE  SHIFT 
f  1  < PERCENT)  II  (DE6)  1  (DEG) 

RELATIVE 

ERROR 

(PERCENT) 

1 

1 

1 

i  e 

t  1 

1 

1  1 

! 

1  0 

X  I 

II  0 

1  0 

0 

1 

1  10 

i  .995 

1  1.0025 

1  -.75 

II  -4.85 

1  -4.6 

1.83 

1 

1  20 

1  .999 

1  1.0096 

1  -1.08 

II  -9.35 

1  -9.66 

-3.32 

1 

;  38 

1  1.01 

1  1.022 

1  -1.19 

II  -13.8 

1  -14.6 

-5.80 

i 

1  40 

1  1.02 

1  1.0366 

1  -1.62 

II  -18.6 

1  -19.8 

-6.45 

i 

!  50 

1  1.04 

i  1.0592 

1  -1.65 

II  -23.5 

1  -25.3 

-7.66 

i 

I  60 

1  1.07 

I  1.8831 

1  -1.22 

II  -28.8 

1  -31.1 

-7.99 

i 

1  70 

l  1.1 

1  1.109 

1  -.82 

II  -34.7 

1  -37.3 

-7.49 

i 

1  60 

1  1.13 

1  1.1353 

1  -.47 

II  -41.3 

1  -43.9 

-6.30 

i 

i  90 

1  1.16 

1  1.1595 

•  .04 

II  -48.3 

1  -51 

-5.59 

i 

•  100 

1  1.16 

1  1.1788 

1  .10 

II  -55.9 

i  -50.5 

-4.65 

i 

■  110 

1  1.19 

1  1.19 

1  0 

II  -64.2 

1  -66.5 

-3.58 

i 

1  120 

1  1.19 

1  1.1902 

I  -.02 

II  -72.7 

1  -74.8 

-2.89 

i 

‘  130 

1  1.17 

.  1.1776 

1  -.65 

II  -81.8 

1  -83.2 

-1.71 

i 

1  140 

1  1.13 

l  1.1521 

1  -1.96 

II  -90.4 

1  -91.6 

-1.33 

i 

1  150 

1  1.07 

1  1.1149 

i  -4.28 

II  -98.9 

1  -99.8 

-.91 

i 

1  160 

1  1.01 

I  1.069 

1  -5.84 

11  -106 

1  -108 

-1.89 

i 

1  170 

1  .943 

1  1.0175 

1  -7.90 

II  -113 

I  -115 

-1.77 

i 

1  160 

1  .884 

1  .9636 

1  -9.03 

II  -128 

1  -122 

-1.67 

i 

1  130 

1  .814 

1  .9104 

1  -11.84 

II  -125 

1  -129 

-3.20 

i 

1  200 

i  .757 

1  .6591 

1  -13.49 

II  -138 

1  -135 

-3.85 

i 

137 


Table  22.  CcBoarison  of  Exoerinentai  ana  Theoretical  Results  *  Case  9 
(10.0  Inch  Tube.  PIN. 3982) 


i  FREQUENCY 

:  (HZ) 

1  EXPERIMENTAL 

1  AMPLITUDE  RATIO 

i 

1  THEORETICAL  1  RELATIVE  II  EXPERIMENTAL 

1  AMPLITUDE  RATIO  1  ERROR  i I  PHASE  SHIFT 

1  1  (PERCENT)  II  (DE6) 

1 _  12 

1  THEORETICAL  1  RELATIVE 

1  PHASE  SHIFT  i  ERROR 

1  (DEB)  i  (PERCENT) 

I 

1 

1 

i  8 

i  1 

1  1 

!  8 

II  0 

1  0 

1  0 

i 

l  10 

1  .995 

1  1.0008 

1  -.58 

II  -6.12 

1  -6.29 

1  -2.78 

1 

i  20 

1  .993 

1  1.003 

1  -1.01 

II  -11.8 

1  -12.3 

1  -4.24 

1 

!  30 

1  .993 

1  1.0064 

1  -1.35 

II  -17.7 

1  -19.1 

1  -7.91 

1 

1  40 

1  .995 

1  1.0104 

1  -1.55 

II  -23.6 

1  -25.6 

1  -8.47 

i 

1  50 

i  1 

i  1.0142 

1  -1.42 

II  -29.7 

1  -32.4 

1  -9.09 

i 

1  60 

1  1 

1  1.817 

1  -1.70 

II  -36.2 

1  -39.3 

1  -8.56 

i 

1  70 

1  1.01 

1  1.0176 

1  -.75 

II  -42.6 

i  -46.4 

1  -8.92 

i 

1  80 

1  1.01 

1  1.0149 

1  -.49 

II  -49.6 

1  -53.7 

1  -8.27 

1 

1  90 

1  1.01 

1  1.0077 

!  .23 

II  -57 

1  -61.2 

1  -7.37 

1 

1  100 

i  .9% 

l  .9953 

1  .07 

II  -64.3 

1  -68.8 

1  -7.00 

1 

i  110 

i  .979 

i  .9771 

1  .19 

II  -71.8 

1  -76.4 

1  -6.41 

1 

1  120 

*  .953 

l  .9534 

i  -.04 

II  -79.4 

1  -84 

1  -5.79 

1 

i  130 

•  .921 

1  .9246 

1  -.39 

II  -86.3 

1  -91.5 

1  -6.03 

1 

1  140 

l  .881 

1  .8917 

1  -1.21 

li  -93.6 

1  -98.8 

I  -5.56 

1 

1  150 

l  .837 

1  .8559 

1  -2.26 

II  -100 

1  -106 

1  -6.00 

1 

1  160 

1  .792 

1  .8185 

(  -3.35 

11  -107 

1  -113 

1  -5.61 

l 

1  170 

1  .746 

1  .7808 

1  -4.66 

II  -113 

1  -119 

I  -5.31 

1 

1  180 

1  .698 

1  .7436 

1  -6.53 

II  -119 

1  -125 

1  -5.04 

1 

l  190 

1  .663 

1  .7077 

1  -6.74 

II  -123 

1  -131 

1  -6.50 

l 

1  200 

1  .624 

1  .6736 

1  -7.95 

II  -128 

1  -137 

1  -7.03 

l 
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Table  23.  Cca  Dan  son  of  Exoeri«ntal  and  Theoretical  Results  -  Case  10 
(li.0  Inch  Tube,  PR=1.8349> 


1  FREQUENCY  !  EXPERIMENTAL 

1  i  AMPLITUDE  RATIO 

1  (HZ)  1 

t  l 

THEORETICAL  i 
AMPLITUDE  RATIO  1 

i 

RELATIVE 

ERROR 

(PERCENT) 

1!  EXPERIMENTAL  1  THEORETICAL  1  RELATIVE 

1 1  PHASE  SHIFT  1  PHASE  SHIFT  1  ERROR 

II  (DEB)  1  (DEB)  1  (PERCENT) 

-11  1 

1 

1 

1 

1  0 

1  1 

1  t 

0 

II  0 

1  0  1 

0 

I 

1  10 

1  .995 

1.0025  1 

-.75 

II  -4.85 

1  -5.02  I 

-3.51 

1 

I  20 

1  .999 

1.0099  1 

-1.09 

II  -9.35 

1  -10.1  1 

-8.02 

1 

1  30 

1  1.01 

1.0222  1 

-1.21 

II  -13.8 

1  -15.3  1 

-10.87 

1 

t  40 

I  1.02 

1.0389  1 

-1.85 

1 1  -18.6 

1  -20.8  1 

-11.03 

1 

I  50 

1  1.04 

1.0597  I 

-1.89 

II  -23.5 

1  -26.4  1 

-12.34 

i 

I  60 

1  1.87 

1.0836  I 

-1.27 

11  -28.8 

1  -32.5  i 

-12.85 

1 

I  70 

i  1.1 

1.1095  1 

-.86 

II  -34.7 

i  -38.9  1 

-12.10 

i 

1  80 

1  1.13 

1.1356  1 

-.58 

II  -41.3 

1  -45.7  1 

-10.65 

i 

1  90 

<  1.16 

1.1596  1 

.03 

II  -48.3 

1  -53  1 

-9.73 

i 

i  100 

1  1.18 

1.1786  1 

.12 

11  -55.9 

1  -60.8  1 

-8.77 

i 

1  110 

1  1.19 

1.18%  I 

.03 

II  -64.2 

1  -68.9  1 

-7.32 

i 

1  120 

i  1.19 

1.19  1 

0 

II  -72.7 

1  -77.3  1 

-6.33 

i 

l  130 

1  1.17 

1.1782  1 

-.70 

ll  -61.8 

1  -85.9  1 

-5.01 

i 

1  140 

1  1.13 

1.1541  1 

-2.13 

II  -90.4 

1  -94.4  1 

-4.42 

i 

1  150 

i  1.07 

i  1.1192  1 

-4.68 

II  -98.9 

1  -113  1 

-4.15 

i 

1  160 

1  1.61 

1.0761  1 

-6.54 

II  -106 

1  -111  1 

-4.72 

i 

1  170 

1  .943 

I  1.0279  1 

-9.00 

II  -113 

1  -118  1 

-4.42 

i 

1  180 

I  .884 

.9777  1 

-10.60 

II  -120 

1  -1%  1 

-5.01 

i 

1  190 

I  .814 

1  .9277  i 

-13.97 

II  -125 

1  -132  1 

-5.60 

i 

1  200 

i  .757 

1  .8796  1 

-16.22 

II  -13 

1  -139  1 

-6.92 

i 
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Table  24.  Cceoanson  of  Exoeriwntal  and  Theoretical  Results  -  Case  18 
UM  Inch  Tube,  PIM.  39821 


I  FREQUENCY 

1 

1  (HZ) 

I  EXPERIMENTAL 

1  AMPLITUDE  RATIO 

i 

l 

i  THEORETICAL 

I  AMPLITUDE  RATIO 

1 

1  RELATIVE 
1  ERROR 

1  (PERCENT) 

it  EXPERIMENTAL 

I  i  PHASE  SHIFT 

II  (DEG) 

THEORETICAL  1 
PHASE  SHIFT  1 
(DEG)  1 

RELATIVE 

ERROR 

(PERCENT) 

1  8 

1  1 

i  1 

1  8 

ii  8 

0  1 

0 

1  10 

1  .995 

i  1.0007 

1  -.57 

II  -6.12 

-6.59  1 

-7.68 

1  20 

.  .993 

f  1.0028 

1  -.99 

II  -11.8 

-13.2  I 

-11.86 

i  30 

i  .993 

1  1.0058 

i  -1.29 

II  -17.7 

-19.9  1 

-12.43 

f  40 

1  .995 

1  1.0093 

1  -1.44 

II  -23.6 

-26.8  1 

-13.56 

1  50 

1  1 

i  1.0126 

1  -1.26 

il  -29.7 

-33.8  1 

-13.80 

1  60 

1  1 

i  1.0147 

1  -1  47 

11  -36.2 

-41  1 

-13.26 

I  70 

1  1.01 

i  1.0145 

i  -.45 

II  -42.6 

-48.4  I 

-13.62 

t  80 

i  1.01 

1  1.6111 

i  -.11 

1 1  -49.6 

-56  1 

-12.90 

1  90 

1  1.01 

i  1.0033 

1  .66 

II  -57 

-63.6  1 

-11.58 

1  100 

1  .996 

1  .9906-  - 

i  .54 

II  -64.3 

-71.4  1 

-11.04 

:  U0 

1  .979 

<  .9/25 

1  .66 

II  -71.8 

-79.2  1 

-10.31 

l  120 

!  .953 

1  .9493 

1  ,39 

li  -79.4 

-87  1 

-9.57 

i  138 

l  .921 

1  .9214 

1  -.04 

II  -86.3 

-94.7  1 

-9.73 

I  140 

1  .881 

i  .8899 

1  -1.01 

II  -93.6 

-102  1 

-8.97 

1  150 

l  .837 

1  .856 

1  -2.27 

II  -100 

-189  1 

-9.80 

1  160 

i  .792 

1  .8206 

1  -3.61 

II  -107 

-116  1 

-8.41 

l  170 

1  .746 

1  .765 

1  -5.23 

II  -113 

-123  1 

-8.65 

1  160 

i  .698 

1  .75 

1  -7.45 

II  -119 

-138  1 

-9.24 

1  190 

i  .663 

1  .7162 

1  -6.82 

1 1  -123 

-136  1 

-10.57 

i  298 

1  .624 

<  .6841 

i  -9.63 

li  -128 

-142  1 

-10.94 

Tabic  25.  Ccaoarison  of  Exoericental  and  Theoretical  Results  -  Case  U 
(11.0  Inch  Tube,  PR=1.8349> 


1  FREQUENCE 

! 

1  (HZ) 

i  EXPERIMENTAL 

1  AMPLITUDE  RATIO 

1 

i  THEORETICAL 

1  AMPLITUDE  RATIO 

1 

1  RELATIVE 

1  ERROR 

1  (PERCENT) 

1 

1  EXPERIMENTAL 

I  PHASE  SHIFT 

1  (DEB) 

1  THEORETICAL  1  RELATIVE 
f  PHASE  SHIFT  1  ERROR 

1  (DEG)  1  (PERCENT) 

1 

t 

1 

1  0 

1  1 

1  1 

1  0 

i  0 

1  0 

1  0 

1 

1  10 

1  .995 

1  1.0023 

1  -.73 

1  -4.85 

1  -5.49 

1  -1120 

1 

1  20 

1  .999 

1  1.009 

1  -1.00 

1  -9.35 

I  -11 

1  -17.65 

1 

»  38 

I  1.01 

1  1.0202 

1  -1.01 

1  -13.8 

1  -16.7 

1  -21.01 

( 

1  40 

1  1.02 

1  1.0354 

1  -1.51 

1  -18.6 

i  -22.5 

1  -20,97 

( 

1  50 

(  1.04 

t  1.0542 

1  -1.37 

1  -23.5 

1  -28.6 

i  -21.70 

1 

1  60 

1  1.07 

1  1.076 

1  -.56 

1  -28.8 

1  -34.9 

1  -21.18 

l 

1  70 

1  1.1 

1  1.0998 

t  .02 

1  -34.7 

1  -41.6 

1  -19.88 

1 

1  80 

i  1.13 

1  1.1242 

1  .51 

1  -41.3 

1  -48.6 

1  -17.68 

1 

1  90 

1  1.16 

1  1.1475 

I  1.06 

1  -48.3 

1  -56 

i  -15.94 

i 

i  100 

i  1.18 

i  1.1676 

i  1.05 

1  -55.9 

1  -617 

1  -1195 

1 

1  110 

1  1.19 

I  1.1825 

i  .63 

1  -64.2 

(  -71.8 

1  -11.84 

1 

1  120 

1  1.19 

i  1.19 

i  0 

1  -72.7 

1  -80.1 

1  -10,18 

1 

1  130 

1  1.17 

1  1.1888 

1  -1.61 

1  -81.6 

1  -88.6 

1  -8.31 

i 

1  140 

1  1.13 

1  1.1782 

1  -4.27 

1  -90.4 

1  -97.2 

i  -7.52 

i 

!  150 

1  1.07 

1  1.1587 

1  -8.29 

1  -96.9 

1  -186 

)  -7. 16 

i 

1  160 

1  1.01 

I  1.1316 

1  -12.04 

1  -106 

1  -114 

l  -7.55 

i 

1  170 

1  .943 

1  1.0987 

1  -16.51 

1  -113 

1  -122 

i  -7.% 

t 

1  180 

1  .884 

I  1.0623 

1  -20.17 

1  -120 

1  -130 

1  -8.33 

i 

1  190 

1  .814 

1  1.0242 

1  -25.82 

1  -125 

1  -137 

1  -9.60 

i 

1  200 

1  .757 

1  .9859 

1  -31.24 

1  -130 

1  -145 

1  -11.54 

i 

141 


Table  26.  Cawanson  of  Exoeriwntal  arc  Theoretical  Results  -  Case  11 
(10.0  Inch  Tube.  PR=l.3332) 


1  FREQUENCE 

s 

l  (HZ) 

1  EXPERIMENTAL 

1  AMPLITUDE  RATIO 

i 

1 

1  THEORETICAL  t  RELATIVE 

1  AMPLITUDE  RATIO  !  ERROR 

1  1  (PERCENT) 

.1  1 

II 

II 

II 

EXPERIMENTAL 
PHASE  SHIR 
(DEB) 

1  THEORETICAL 

1  PHASE  SHIR 

1  (DE6) 

RELATIVE 

ERROR 

(PERCENT) 

i 

1 

1 

i  e 

1  1 

i  1 

I  0 

“i  i* 

H 

0 

1  0 

0 

1 

i  10 

1  .795 

1  1.0004 

1  *.54 

ii 

-6.12 

1  -7.19 

-17.43 

1 

!  £0 

1  .993 

1  1.0016 

1  -.87 

H 

-11.8 

1  -14.4 

-22.03 

1 

1  30 

1  .993 

1  1.0032 

1  -1.03 

ii 

-17.7 

1  -21.7 

-22.60 

1 

1  A0 

1  .995 

1  1.005 

1  -1.01 

ii 

-23.6 

1  -29.1 

-23.31 

1 

1  50 

1  1 

1  1.0063 

l  -.63 

H 

-29.7 

l  -36.6 

-23.23 

1 

1  68 

1  1 

1  1.0066 

1  -.66 

n 

-36.2 

1  -*4.2 

-22.10 

1 

i  78 

i  1.0! 

1  1.0051 

1  .49 

H 

-42.6 

1  -58 

-22.07 

1 

1  80 

i  1.01 

1  1.0012 

1  .87 

H 

-49.6 

1  -59.8 

-20.56 

1 

:  30 

1  1.21 

i  .9942 

1  1.56 

H 

-57 

1  -67.3 

-18.95 

1 

i  100 

i  .996 

1  .9337 

1  1.23 

it 

-64.3 

1  -75.8 

-17.88 

1 

i  110 

.  .979 

f  .9695 

1  .97 

H 

-71.8 

l  -83.8 

-16.71 

i 

!  120 

i  .953 

1  .9517 

1  .14 

ii 

-79.4 

1  -91.8 

*15.62 

i 

1  130 

1  .921 

i  .9305 

I  -1.03 

ii 

-36.3 

1  -99.6 

-15.64 

i 

S  140 

l  .881 

1  .9065 

l  -2.89 

n 

-93.6 

1  -108 

-15.38 

i 

!  150 

t  .837 

1  .8803 

1  -5.17 

ii 

-1M 

1  -115 

-15.00 

i 

i  160 

1  .792 

1  .8527 

t  -7.66 

n 

-107 

1  -123 

-14, 95 

i 

f  170 

1  .746 

t  .8243 

1  -10.50 

ii 

-113 

1  -130 

-J5.04 

i 

1  180 

i  .690 

)  .7953 

1  -14.01 

ii 

-119 

1  -137 

-15.13 

*  190 

i  .663 

t  .7675 

1  -15.76 

ii 

-123 

I  -14* 

-17.07 

j 

t  200 

i  .62* 

(  .7399 

t  -18.57 

H 

-128 

)  -151 

-17.97 

i 

Figures  70-73  show  the  results  for  Cases  1-4.  These  are  the  results  from 
the  initial  optimization  attempts  using  a  coarse  volume  increment.  The 
theoretical  results  obtained  using  the  manufacturer's  equivalent  dimensions  to 
model  the  ZOC  transducer  are  shown  also  for  reference.  Cases  6-6  represent 
another  set  of  optimizations  using  a  coarse  volume  increment,  but  over 
slightly  different  length  ranges.  These  results  are  shown  in  Figures  74-77. 

In  Figures  78-81  the  results  are  shown  for  Cases  5  and  S-ll,  which  are  the 
cases  for  the  optimizations  using  a  fine o  volume  increment. 

These  curves  show  that,  by  itself,  the  optimization  program  is  inadequate 
as  a  means  of  identifying  the  geometry  required  to  provide  the  best  comparison 
of  theoretical  and  experimental  data  throughout  the  entire  200  hertz  frequency 
range.  The  geometry  which  best  satisfied  the  optimisation  criterion  (Case  11) 
did  not  yield  the  best  overall  match  with  the  experimental  data.  In  fact. 
Figures  78-81  and  the  corresponding  relative  arror  values  in  Tables  13  and  14 
shows  that  the  geometry  identified  in  Case  5  actually  produces  the  best 
overall  match.  Therefore,  the  program  itself  did  not  completely  isolate  an 
optimum  set  of  geometry  as  originally  anticipated,  but  rather  it  identified 
several  candidates  from  which  the  optimum  could  be  selected. 

Based  on  the  results  presented  in  Tables  5-26  and  Figures  70-81,  then,  the 
ideal  geometry  for  use  in  modelling  the  ZOC14  transducer  in  the  NASA  program 
is  from  Case  5,  where  the  internal  tube  length  is  8.7  cm,  the  internal  tube 
diameter  is  0.0865  cm,  and  the  internal  volume  is  6E-5  cubic  centimeters. 

These  transducer  dimensions  produce  the  best  overall  match  between  the 
theoretical  and  experimental  results.  In  Figures  82-85  the  experimental  data 


( (aoN3Haaaa)d/CLsai)d )  ollvh  aaninawv 


144 


□  wd 

□  WD 

□  WD 

□  w 

□  WD 

□  WD 

P  WD 

□  WD 

□  WD 


□  WD 
□  WD 
□  WD 
□  WD 

□  m 
□  m 


o 

□  ■ 
□w 
□i 

a 


tAolo 

^wwww 

OoaOOtS 

pgN.OOOO 

C  ,#0000 

ai&93«$ 

SSSSJiE 

s  11  u  a  ii  11 

ao«+xo 


Tr 

■t  r  j  T-V 

1-7—1— 1- 

■i  X|  1  t 

T"  |  " 

O 

O 

O 

o 

0 

O 

0 

0 

b 

i 

o 

b 

b 

b 

b 

c 

w 

CO 

CO 

0 

CO 

1 

\ 

1 

1 

1 

1 

1 

•H 

I 

( oaa )  urns  asvHd 


i> 

a 


145 


180.0-} - 1 - 1 - » - 1 - « - 1 — - - 1 — » — I — * — I - ' - 1 - '  I  '  I  1  1 

0.0  20.0  40.0  60.0  80.0  100.0  120.0  140.0  160.0  180.0  200.0 

INPUT  FREQUENCY  (  HZ  ) 

FIGURE  71.  COMPARISON  OF  RM  34-  EXPERIMENTAL  DATA  TO  NASA  PROGRAM 
FREQUENCY  RESPONSE  PREDICTIONS  FOR  A  10.0  IN.  TUBE  WITH  .020  IN.  ID 
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FIGURE  74.  COMPARISON  OF  RM  34  EXPERIMENTAL  DATA  TO  NASA  PROGRAM 
FREQUENCY  RESPONSE  PREDICTIONS  FOR  A  10.0  IN.  TUBE  WITH  .020  IN.  ID 
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INPUT  FREQUENCY  (  HZ  ) 

FIGURE  78.  COMPARISON  OF  RM  34  EXPERIMENTAL  DATA  TO  NASA  PROGIi 
FREQUENCY  RESPONSE  PREDICTIONS  FOR  A  10.0  IN.  TUBE  WITH  .020  IN. 
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FIGURE  80.  COMPARISON  OF  RM  34  EXPERIMENTAL  DATA  TO  NASA  PROG] 
FREQUENCY  RESPONSE  PREDICTIONS  FOR  A  10.0  IN.  TUBE  WITH  .020  IN 
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INPUT  FREQUENCY  (  HZ  ) 

FIGURE  81.  COMPARISON  OF  RM  34  EXPERIMENTAL  DATA  TO  NASA  PROGRA] 
FREQUENCY  RESPONSE  PREDICTIONS  FOR  A  10.0  IN.  TUBE  WITH  .020  IN.  ID 
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FIGURE  83.  COMPARISON  OF  RM  3 4-  EXPERIMENTAL  DATA  TO  NASA  PROGRAM 
FREQUENCY  RESPONSE  PREDICTIONS  FOR  A  10.0  IN.  TUBE  WITH  .020  IN.  ID 
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FIGURE  84.  COMPARISON  OF  RM  24  EXPERIMENTAL  DATA  TO  NASA  PROGRAM 
FREQUENCY  RESPONSE  PREDICTIONS  FOR  A  10.0  IN.  TUBE  WITH  .020  IN.  ID 
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for  the  10.0-inch  tube  has  been  replotted  to  show  the  comparison  with 
theoretical  results  based  on  the  original  and  Case  5  geometry  only.  Tables  27 
and  28  show  the  percent  relative  error  associated  with  both  sets  of  geometry. 

with  these  dimensions  identified  for  one  test  tube  length,  it  was 
necessary  to  use  them  in  comparisons  with  experimental  data  for  other  test 
tube  lengths.  Comparisons  were  made  with  the  experimental  data  from  the  15.0 
and  16.375-inch  tubes  and  these  results  are  plotted  in  Figures  86-93.  Again, 
the  theoretical  results  are  shown  for  both  the  original  and  the  Case  5 
geometry.  The  percent  relative  error  is  presented  in  Tables  29  and  30  for  the 
15.0  inch  tube  and  inTables  31  and  32  for  the  16. 375-inch  tube. 

The  relative  error  shown  in  Tables  27-32  indicates  that  the  Case  5 
geometry  works  well  for  all  three  tube  lengths  tested,  ror  the  10. 0-inch  tube 
with  a  pressure  ratio  of  1.8349,  the  maximum  relative  error  between  the 
experimental  data  and  the  theoretical  results  using  the  original  geometry  was 
73  percent  at  200  hertz.  Using  the  Case  5  geometry  the  maximum  relative  error 
is  reduced  to  less  than  6  percent,  as  can  be  seen  from  Table  27.  Similarly, 
with  the  original  geometry  the  phase  shift  rolative  error  ranged  from 
approximately  20  to  40  percent,  while  with  the  Case  5  geometry  the  error 
ranges  from  only  2  to  10  percent .  A  similar  trend  can  be  seen  in  Table  28  for 
the  10.0-inch  tube  at  a  pressure  ratio  of  1.3982. 

For  the  15.0-inch  tube  at  a  pressure  ratio  of  1.8405,  with  the  Case  5 
geometry  the  maximum  relative  error  in  the  amplitude  ratio  is  just  over  6 
percent,  compared  to  55  percent  with  the  original  geometry.  The  maximum  phase 
shift  error  is  only  4  percent  with  the  Case  5  geometry,  as  compared  to  30 
percent  for  the  original  geometry.  Similar  comparisons  exist  for  the 
15.0-inch  tube  with  a  pressure  ratio  of  1.3964,  as  shown  in  Table  30. 
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FIGURE  86.  COMPARISON  OF  RM  24  EXPERIMENTAL  DATA  TO  NASA  PR0GRA1 
FREQUENCY  RESPONSE  PREDICTIONS  FOR  A  15.0  IN.  TUBE  WITH  .020  IN.  ID 


0.0# 


□  o 


□  <© 


□  « 


□  <D 


□  o 


a  « 


□  o 
o  o 

□  o 

□o 

CD 


□  0< 


i  »  <  pi  * 

T-TT 

• 1  ■  r*~ 

t  r  -y— r 

“nr~l  1 

.  7-^  i-  < 

o 

O 

o 

O 

o 

O 

o 

9 

i 

d 

o 

d 

o 

CM 

1 

(0 

1 

CD 

1 

o 

*4 

2 

i 

■j*n 

r"r-y 

o 

o 

d 

o 

* 

<9 

l 

1 

( oaa )  urns  asvHd 


»» 

e 


162 


180.0  H - 1 - 1 - « - J - 1 - J - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 — » — I — » — s 

0.0  20.0  40.0  600  80.0  100.0  120.0  140.0  160.0  180.0  200.0 

INPUT  FREQUENCY  (  HZ  ) 

FIGURE  87.  COMPARISON  OF  RM  24  EXPERIMENTAL  DATA  TO  NASA  PROGRAM 
FREQUENCY  RESPONSE  PREDICTIONS  FOR  A  15.0  IN.  TUBE  WITH  .020  IN.  ID 
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FIGURE  93.  COMPARISON  OF  RM  34  EXPERIMENTAL  DATA  TO  NASA  PROGRAM 
FREQUENCY  RESPONSE  PREDICTIONS  FOR  A  16.38  IN.  TUBE  WITH  .020  IN.  ID 
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In  addition.  Tables  31  and  32  show  that  the  maximum  relative  error  in 
amplitude  ratio  and  phase  shift  for  the  16.375-inch  tube  is  about  7.5  percent. 
Again,  this  is  a  significant  reduction  in  the  relative  error  compared  to  the 
results  with  the  original  geometry. 

Therefore,  given  the  excellent  correlation  between  the  experimental  data 
and  the  theoretical  results  using  the  Case  5  geometry,  it  is  recommended  that 
these  dimensions  be  used  to  model  the  ZOC  transducer  in  the  NASA  program  when 
it  is  used  for  the  reduotion  of  data  acquired  in  the  CRF/F100  test. 


SECTION  VI 


DISCUSSION  AND  CONCLUSIONS 

The  objective  of  this  study  were  successfully  achieved  through  the 
experimental  work  described  in  this  report.  Accurate  transfer  functions  were 
determined  experimentally  for  several  lengths  of  0.020-inch-inside-diameter 
tubing  over  a  frequency  range  of  0  to  200  hertz,  and  these  data  were  used  to 
determine  the  accuracy  with  which  the  NASA  program  could  predict  the  amplitude 
response  and  phase  shift  for  a  given  0.020-inch-inside-diameter  tube.  These 
comparisons  of  experimental  and  theoretical  results  indicated  that  the  NASA 
program  can  prediot  the  frequency  response  behavior  of 
0.020-inch-inside-diameter  tubes  fairly  accurately  provided  the  pressure 
transducer  in  the  system  can  be  modelled  precisely.  To  that  end,  an  accurate 
model  of  the  SOCK  pressure  transducer  was  developed  as  part  of  this  effort. 

Based  on  the  results  of  this  study  the  NASA  program  is  recommended  for  use 
in  the  CRF/F10Q  test  program  as  a  tool  for  estimating  the  frequency  response 
behavior  of  the  close-coupled  pressure  instrumentation.  Several  conclusions 
from  the  experimental  work  should  be  considered  when  estimating  the  frequency 
response  behavior,  however . 

1.  The  theory  can  only  provide  an  estimate  of  the  frequency  response 
since  its  predictions  are  based  on  a  sinusoidal  dynamic  pressure  input,  which 
is  an  ideal  case  that  probably  won't  be  realized  in  the  F100  rotating  stall 
environment. 
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2.  The  correlation  of  the  experimental  data  with  theoretical  predictions 
is  excellent  for  the  cases  tested.  However,  limitations  of  the  experimental 
apparatus  prevented  the  acquisition  of  experimental  data  over  the  full  range 
of  temperatures  and  pressures  expected  in  the  close-coupled  instrumentation 
tubes  during  F100  testing.  Therefore,  in  many  instances,  to  estimate  the 

* 

frequency  response  behavior  it  will  be  necessary  to  assume  that  the  observed 

♦  correlation  of  experimental  data  and  theoretical  predictions  from  a  few 

experiments  can  be  applied  universally. 

3.  The  results  of  the  study  indicate  the  Bergh-Ti jdeman  theory,  as 
implemented  in  the  NASA  program,  can  predict  the  amplitude  response  of  a 
0.020-inch-inside-diameter  tube  within  3  to  12  percent  of  the  experimental 
value.  The  phase  shift  can  be  predicted  within  6  to  14  degrees.  Both  tube 
length  and  m^an  tube  pressure  affect  this  correlation.  In  general,  the 
percentage  difference  between  experimental  data  and  theoretical  prediction  is 
smaller  for  shorter  tube  lengths  and  lower  mean  pressures.  Also,  the  tendency 
is  for  the  discrepancy  between  experimental  and  theoretical  values  of 
amplitude  ratio  and  phase  shift  to  widen  with  increasing  frequency.  For 
example,  the  worst  correlation  of  axparimantal  and  thaoretical  values  would 
ocour  in  the  longest  tube  length  at  the  highest  mean  pressure  - jvel,  and  at 
the  highest  frequency. 

4.  The  theoretical  predictions  for  amplitude  ratio  are  consistently 
greater  than  tha  experimental  values,  while  predicted  phase  shift  values  are 

a 

consistently  less  than  the  experimental  values. 

'  S.  For  a  given  mean  tube  pressure  level,  changes  in  the  dynamic  pressure 

level  over  a  range  of  130  to  175  dB  (.009  to  1.45  psi)  had  no  significant 
impact  on  the  frequency  response  behavior  of  the  tubes. 
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6.  Smooth  radius  bends  in  the  tubing  had  no  a££eot  on  the  frequency 
response  behavior. 

7.  The  manufacturer's  specifications  for  the  Z0C14  pressure  transducer 
internal  dimensions  are  inadequate  for  modelling  the  transducer  in  the  NASA 
program.  An  optimum  set  of  internal  geometry  to  be  used  for  modelling  the  ZOC 
was  determined.  These  values,  which  should  be  used  for  estimating  the 
frequency  response  of  the  CRF/F100  instrumentation  tubes,  are:  internal  tube 
length,  8.7  cm;  internal  tube  diameter,  0.0865  cm;  and  internal  termination 
volume,  6E-5  cubic  cm. 
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Appendix  A 


FORTRAN  Steering  Program  and  NASA  Subroutines 

This  appendix  contains  a  listing  o£  the  FORTRAN  steering  program,  for 
typical  set  of  Inputs,  and  the  NASA  subroutines  used  to  calculate  the 
theoretical  amplitude  ratio  and  phase  shift  for  a  given  tube/volume 
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Appendix  B 


Pressure  Transducer  Calibrations 

The  20C  and  DRUCK  pressure  transducers  used  in  this  project  were 

♦ 

calibrated  on  the  bench  using  an  AMETEK  RK-300  dead  weight  tester,  connected 
i  as  shown  in  Figure  B-l.  For  the  ZOC  transducer  it  was  necessary  to  apply 

compressed  nitrogen  at  80  paig  to  the  CAL  CTL  port  to  switch  the  transducer 
into  the  "calibrate”  mode.  The  transducers  were  calibrated  with  the  same 
amplifier/signal  conditioning  units  used  during  the  experiments. 

Three  transducers  were  used  in  the  project— one  0  to  5  psig  ZOC  and  two 
0  to  15  psig  DRUCK  transducers.  DRUCK  transducer  SN10135  was  used  as  the 
reference  transducer  in  all  experiments,  while  SN12625  was  used  as  a  test 
transducer  in  those  experiments  requiring  a  DRUCK.  The  ZOC  and  DRUCK  3N10135 
were  calibrated  twice  during  the  project,  while  DRUCK  3N12625  was  calibrated 
only  once.  The  resulting  calibration  curves  are  shown  in  Figures  B-2  through 
B-6  and  the  calibration  data  are  listed  in  Tables  B-l  and  B-2. 


193 


m 


0.0  1.0  2.0  3.0  4.0  3.0  6.0  7.0  8.0  9.0  10.0 

APPLIED  PRESSURE  (  PSI  ) 

FIGURE  B— 2.  ZOC  14  TRANSDUCER  CALIBRATION  CURVE  (  4  MAR  85  ) 


9.0  1.0  2.0  3.0  *.0  9.0  S.O  7.0  8.0  0.0  10.0 

APPLIED  PRESSURE  (  PSI  ) 

FIGURE  B-3.  Z0C14  TRANSDUCER  CALIBRATION  CURVE  (  22  MAY  85  ) 
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0.0  2.0  4.0  6.0  8-0  10.0  12.0  14.0  16.0  18.0  20.0 

applied  PRESSURE  (  PSI  ) 

FIGURE  B-4.  DRUCK  TRANSDUCER  CALIBRATION  CURVE  (  4  MAR  85  ) 

(SN  10135) 


6.0- 


0.0  2.0  4-0  6.0  8.0  10.0  12.0  14.0  16.0  18.0  20.0 

APPLIED  PRESSURE  (  PSI  ) 

FIGURE  B— 5.  DRUCK  TRANSDUCER  CALIBRATION  CURVE  (  23  MAT  85  ) 

(  SN  10135  ) 
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Table  B-2.  DRUCK  Transducer  Calibration  Data 
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Appendix  C 


ZOC  Optimization  FORTRAN  Steering  Program 


This  appendix  contains  a  listing  of  the  steering  program  written  to 
determine  the  optimum  internal  dimensions  for  the  Z0C14  transducer  to  be  used 
in  the  NASA  program. 
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